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ABSTRACT
Guided ion beam tandem mass spectrometry is used to probe the kinetic energy 
dependence of both Cu2+(H2O)n, where n = 5 -  10, and CuOH+(H2O)n, where n = 0 -  4 
colliding with Xe. The resulting cross sections are analyzed using statistical models to 
yield 0 K bond dissociation energies (BDEs). The primary dissociation pathway for 
Cu2+(H2O)n consists of water loss followed by the sequential loss of additional waters at 
higher energies until n = 7, at which point charge separation to form CuOH+(H2O)m + 
H+(H2O)n-m-2 is energetically favored. The primary dissociation pathway for 
CuOH+(H2O)n is also water loss and is followed by the sequential loss of additional 
waters at higher energies until n = 1, at which point OH loss become competitive. The 
BDEs for loss of water and OH from CuOH+(H2O) are combined in a thermodynamic 
cycle with literature values to derive BDEs for the loss of OH from CuOH+(H2O)n, where 
n = 0, 2 -  4.
Infrared multiple photon dissociation (IRPD) spectroscopy is performed on 
CuOH+(H2O)n, where n = 2 -  9. These spectra are characterized through comparison to 
theoretical spectra of low energy isomers. It is found that CuOH+(H2O)n prefers a 4- 
coordinate inner shell, although contributions from 5-coordinate geometries cannot be 
ruled out in most cases and are clearly present for n = 7. This preference is found in the 
Cu2+(H2O)n system as well and differs from the Cu+(H2O)n system, which prefers a 2-
coordinate inner shell. Electronic structure calculations are further employed to yield 
BDEs which agree reasonably well with experimental values.
A method for modeling kinetic energy release distributions (KERD) on a guided 
ion beam tandem mass spectrometer is proposed. This method achieves reasonable 
agreement with dissociations occurring over loose transition states when reactants have 
little energy in excess of the dissociation threshold. Current limitations and future 
possibilities of this method are discussed in detail.
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The comprehensive investigation of copper ion hydration is part of an ongoing 
and systematic study in our lab on the interaction of metals with water.1, 2 3 4 5 6 These 
studies are interesting because metal water interactions are ubiquitous. Copper ion water 
interactions, in particular, can be found in biological,7, 8 9 industrial,10, 11 and 
environmental processes,12, 13, 14 so understanding them on a fundamental level is of 
obvious importance.
Previous studies to understand copper ion water interactions have investigated a 
range of systems including Cu2+(H2O)n,15, 16, 17, 18, 19, 20 Cu+(H2O)n,21, 22, 23, 24 and 
CuOH+(H2O)n.15, 25, 26 The focus of each of these studies generally falls into one of two 
categories: structural characterization or dissociation behavior. Although much attention 
has been given to each of these systems, the thermodynamics of copper ion hydration are 
still largely unknown.
In this work, we use guided ion beam tandem mass spectrometry (GIBMS) to 
measure the kinetic energy dependence of Cu2+(H2O)n, where n = 8 -  10 colliding with 
Xe. GIBMS is a powerful technique for measuring thermodynamic properties of small
27 28 29 30 31 32 33molecules and peptides, as demonstrated previously in our lab. Its
advantage over other methods is its precise control over the internal34 and kinetic
energies27 of the reactant and neutral. After the collision event, the resulting product 
intensities are converted to cross sections, which can be profitably thought of as reaction 
probabilities. The minimum energy at which a given product cross section has intensity 
is the known as the product threshold. Knowledge of the internal and kinetic energies of 
the reactants allows us to extract 0 K bond dissociation energies (BDEs) from these 
thresholds.
As charge separation is a dominant theme in transition metal ion hydration 
studies, we also measure the thermodynamics for CuOH+(H2O)n, where n = 1 -  4. To 
complement this thermodynamic study, we use infrared multiple photon dissociation 
(IRPD) spectroscopy, which has established itself as a powerful tool for structural 
characterization.35, 36 Specifically, CuOH+(H2O)n, where n = 2 -  9, is characterized 
through comparison of the OH stretching region to theoretical spectra.
Water loss occurs over a loose transition state such that product thresholds from 
this mechanism are a direct measurement of the BDE.3 Charge separation, however, 
occurs over a tight transition state described by a barrier to the reverse reaction.2, 37 
Therefore product thresholds from this mechanism are not a measure of the BDE but 
rather the bond enthalpy. To obtain the BDE, it is necessary to know the height of the 
barrier, which can be measured from the kinetic energy release distribution (KERD) of 
products.38 We measure KERDs from a variety of systems using the GIBMS and present 
our efforts towards accurately modeling each distribution.
In this work we present a comprehensive study of copper ion hydration in its most 
available forms. These studies will help to understand how bond energies and 
coordination numbers change between charge states of a transition metal and how they
2
change with and without an OH ligand. Additionally, this work further develops ongoing 
studies in the Armentrout group to describe metal ion water interactions across the 
periodic table.
1.2 Overview
A detailed description of the instrumentation used in the present work is given in 
Chapter 2. The methods through which raw data are converted into cross sections and the 
statistical methods used to model those cross sections are also presented. A description 
of the theoretical methods utilized in the present work is also given, which includes level 
of theory, basis set, and correction factors.
Chapter 3 presents threshold collision-induced dissociation (CID) studies of 
Cu2+(H2O)n, where n = 8 -  10 with Xe. These studies provide the first experimentally 
determined BDE for loss of water from Cu2+(H2O)n, where n = 6 -  10. Additionally, 
competition between the water loss and charge separation pathways for n = 7 and 8 is 
investigated in detail. Ab-initio calculations provide structures for reactants and products 
at each complex size. Using these structures, theoretical BDEs and potential energy 
surfaces (PES) are calculated and compared to experiments.
Chapter 4 and 5 present studies on the CuOH+(H2O)n system. Chapter 4 discusses 
the infrared multiple photon dissociation (IRMPD) spectral analysis of CuOH+(H2O)n, 
where n = 2 -  9. Chapter 5 discusses threshold CID studies of CuOH+(H2O)n, where n =
1 -  4 with Xe. In both cases, ab-initio calculations are performed to provide structures 
for reactant and product isomers. These structures are used to generate theoretical spectra 
for the IRMPD studies and to generate BDEs and PES for the threshold CID studies.
3
Finally, Chapter 6 discusses the use of GIBMS for measuring KERDs. Several 
systems are investigated including the reaction of both CuOH+(H2O)n and H+Gly with 
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CHAPTER 2
EXPERIMENTAL, DATA ANALYSIS, AND THEORETICAL
METHODS
2.1 Instrument
The instrument used in the present work is a guided ion beam tandem mass 
spectrometer, shown in Figure 2.1, and described in detail elsewhere.1, 2 Briefly, the 
instrument consists of an ion source, a magnetic momentum analyzer for reactant 
selection, a collision cell, a quadrupole mass filter for product selection and a detector. In 
the present work, ions are generated using electrospray ionization (ESI) of 10"4 M 
solutions. The solution is delivered through a 35 gauge stainless steel needle at a rate of 
~ 0.05 mL/hr whereupon an applied voltage of ~2 kV transfers the reactants into the gas 
phase. Shortly beyond the tip of the needle is an inlet capillary to the vacuum system, 
which is heated to 80 °C to in order to desolvate any large droplets created during 
ionization process. Ions then enter an 88 plate radio frequency (rf) ion funnel (IF), 
copied from a design described in detail elsewhere3. A super-imposed dc gradient, 
typically kept below 10 V so as to avoid collisional heating, collects and focuses the ions 
to increase signal intensity.4, 5 At the end of the funnel, the ions enter an rf-only hexapole 
where thermalizing collisions with ambient gas (predominately air and water)6 ensure a 
Maxwell-Boltzmann distribution of rovibrational states at room temperature.6, 7 8 9 A set 
of dc electrodes placed between the hexapole rods act as an in-source fragmentation
technique to preferentially increase the intensity of smaller complex sizes.9 These “fin” 
electrodes are located towards the end of the hexapole to allow the newly-formed 
fragment ions to rethermalize, as demonstrated elsewhere.9, 10, 11 Ions generated in the 
source region then enter the magnetic momentum analyzer for mass/charge selection of 
the reactant beam. The reactant ions are then decelerated to a well-known kinetic energy 
and injected into the first of two collinear rf octopole ion guides. Reactant ions then pass 
through a collsion cell containing low pressures of Xe, which is used because it is large, 
monatomic, and polarizeable.12, 13 These factors maintain the high efficiency of energy 
transfer needed to properly measure thermodynamic properties. After the collision cell, 
product and unreacted primary ions drift out of the second octopole ion guide and are 
mass selected by a quadrupole mass filter before detection using a Daly type detector.14 
For KERD studies, the kinetic energy of product and unreacted primary ions is measured 
in the second octopole region using retarding potential analysis.
2.2 Data Analysis
Ion intensities are converted into cross sections using the Beer-Lambert analogue,
I = I0 exp(-po-£') (2.1)
where / is the reactant ion intensity after the collision cell, /0 is the reactant ion intensity 
before the collision cell, p is the number density of the neutral reactant, o is the total 
reaction cross section, and I  is the length of the collision cell, 8.6 cm. The rf field of the 
octopole ion guide ensures that very few reactants and products are lost by scattering 
such that /0 — / = £  Ij, the sum of all product intensities. Intensities of the reactant and 
product ions are measured at three different pressures of Xe in the collision cell: ~0.2,
0.1, and 0.05 mTorr so that they may be extrapolated to zero pressure, which rigorously
8
represents a single collision event. Background collisions and detector noise are removed 
by subtracting the product ion intensities without gas in the collision cell from those with 
gas in the cell. Reactant ion intensity is measured at the beginning of each experiment as 
a function of a retarding potential applied to the octopole.1 This intensity is differentiated 
and fit to a Gaussian distribution to obtain the absolute zero of energy as well as the 
distribution of reactant ion kinetic energies, which is used in later analysis. The relative 
energy of the reactants is converted from the lab frame voltage, Vlab, to the center of 
mass energy, ECM, using eq. (2.1),
Ecm = qVlab m /(m  + M) (2.2)
where m  is the mass of the reactant neutral Xe, M is the mass of the reactant ion, and q is 
the charge of the ion.
BDEs for the loss of a single ligand are extracted from the zero pressure kinetic 
energy dependent cross section using the modified line-of-centers (LOC) model for 
bimolecular collisions
0/(£) = a o l !9i(E + Et -  E0J)! /E  (2.3)
where a0 is an energy independent scaling factor, E is the relative collision energy, Eqj  is 
an adjustable parameter representing the reaction threshold for channel j  at 0 K, and N is 
an adjustable parameter that describes energy deposition.2 The summation is over the 
rovibrational states of the reactant ion having energies Et and populations g t, where 
£  g t = 1. Rotational constants and vibrational frequencies are taken from quantum 
chemical calculations of the reactant and product ground isomers. Rovibrational states are 
counted using the Beyer-Swinehart-Stein-Rabinovitch15, 16, 17 algorithm and are assigned 
populations, g t, on the basis of a Maxwell-Boltzmann distribution at 300 K. As the size
9
10
of the reactants increases, the number of accessible rovibrational states increases such
a result, larger kinetic energies are required to dissociate the reactant in the experimental 
window and the apparent thresholds increase. To account for this kinetic shift, Rice-
18 19 20Ramsperger-Kassel-Marcus (RRKM) statistical theory ’ ’ for unimolecular 
dissociation is incorporated into the modified LOC model, as seen below.
Here, 8 is the energy deposited into internal modes of the reactant ion complex during 
collision, such that the energized molecule (EM) has an internal energy of E* = Et + 8. 
This value is integrated over all possible deposited energies that can lead to dissociation 
and is used to calculate the RRKM unimolecular rate constant for dissociation of channel 
j , k j(E*), where ktot(E*) = 2 kj (E*). The probability for dissociation in the experimental 
time frame is then given by PD1 = 1 -  exp[- ktot(E*) t ]. Should the the EM dissociate 
within the experimental window, the integration in eq. (2.4) recovers eq. (2.3). The 
incorporation of kj(E *)/ k tot(E*) into the model ensures that competition for energy 
between multiple reaction channels is accurately represented by using statistical theory.21, 
22 This is accomplished by estimating the rate for each channel, j , as seen in eq. (2.5)
rovibrational states of the transition state (TS), and p(E *) is the density of states of the
Sequential dissociations can also be modeled by combining eq. (2.5) with the 
probability for further dissociation23 given by eq. (2.6)
that dissociation may not occur within the experimental time of flight, t  ~ 5 x 10"4 s.2 As
(2.5)
EM at E*.
pD2 = l  -  e (2.6)
11
where E! = E* — Eqj  — T1 — EL is the internal energy of the product ion undergoing 
further dissociation and 7\and EL represent the translational energy of the primary 
product and the internal energy of the neutral product, respectively. For every neutral 
ligand lost, uncertainties in the energy distribution of the remaining ion increase, so 
threshold analysis is typically limited to the one sequential dissociation.
The above equations are then convoluted over the kinetic energy distributions of
the neutral and reactant ion. Experimental cross sections are fit by optimizing the 
adjustable parameters a0,j, N, and E0j  using a nonlinear least-squares optimization 
criterion. Once optimized, eq. (2.4) represents the threshold energy, E0j, which is 
equivalent to the 0 K dissociation energy for bond cleavages over a loose transition state. 
The uncertainties in these dissociation energies are determined from the range of 
parameters obtained from modeling multiple data sets, scaling the quantum chemical 
vibrational energies by ±10%, varying the best fit N value by ±0.1, changing the 
experimental time-of-flight up and down by a factor of 2, and including the uncertainty in 
the energy scale, ±0.05 eV (lab).
2.3 Theoretical Methods
All low energy isomers are optimized at the B3LYP/6-311+G(d,p) level.24, 25 In a 
previous study of similar hydrated complexes,26 we showed that geometry optimizations, 
vibrational frequencies, and energetics calculated at this level yielded no appreciable 
differences from those calculated at alternate levels of theory, including B3LYP/6- 
311++G(d,p), BHandHLYP/6-311+G(d,p), BHandHLYP/6-311++G(d,p), and 
MP2(full)/6-311+G(d,p). Diffuse functions on heavy atoms were used at every step 
because of their importance in describing the hydrogen bonding characteristics of
hydration and solvation.27, 28 To avoid SCF convergence failure and local minima, each 
structure is optimized four times with increasingly tighter SCF criteria and increasingly 
complex basis sets, beginning with 6-31G(d) and opt=loose. For all studies, relative 
energetics are obtained using single point energy (SPE) calculations at the B3LYP, 
B3P86,29 M06,30 and MP2(full)31 levels of theory with a 3-311+G(2d,2p) basis set and 
zero-point energy (ZPE) corrections scaled by 0.98932. In some studies, additional levels 
of theory are implemented including Coulomb attenuating method (cam) B3LYP33 and 
CCSD(T).34 Our use of MP2 with full electron correlation is predicated on previous 
results that show that frozen core calculations can lead to anomalous metal cation binding
35, 36, 37affinities. , , Relative energies of reactant and product isomers are also calculated at 
the relevant experimental temperatures using thermal corrections scaled by 0.989. 
Theoretical 0 K BDEs are calculated from the difference in energies of the ground 
reactant and product isomers and compared to experiment. Basis set superposition error 
(BSSE) corrections determined to the full counterpoise level38, 39 are also made. In cases 
where theoretical spectra are generated, these frequencies have been scaled by 0.956 -  
0.959 to provide the best match with our experiment. This range is similar to the value of 
0.956,40, 41 which is typically used for these types of studies. All quantum chemical 
calculations were performed using the Gaussian 09 suite of programs.42
12
13
ION FUNNEL (IF) "FINS"
Figure 2.1 Schematic of the guided ion beam tandem mass spectrometer.
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CHAPTER 3
HYDRATED COPPER ION CHEMISTRY: GUIDED ION 
BEAM AND THEORETICAL INVESTIGATION 
OF Cu2+(H2O)n (n = 7 -  10)
3.1 Introduction
The copper ion is involved in many biological processes,1, 2 3 4 5 This includes its 
role in many key enzymes6, 7 8 9 10, 11 where unique coordination environments favor 
metal-specific binding.12 When these binding sites are infiltrated by nonintended metals, 
it can be toxic to the organism. In this regard, copper is the most common toxic heavy 
metal used industrially.5 In both biological and environmental settings, the copper ion is 
often found in a hydrated form, predominantly as the Cu2+ species, although Cu+ and 
CuOH+ also exist in substantial concentrations.13 For these reasons, a fundamental 
understanding of hydrated copper ion chemistry is of prime importance.
Solvated copper ion chemistry is relatively complex and often departs from 
periodic trends found among other metals.14, 15 A good example of this behavior is found 
in a study by Shvartsburg et al. who examined the collision-induced dissociation (CID) of 
a range of divalent metals bound to clusters of water.15 They found that the typical 
dissociation pathway for these systems is loss of a neutral water molecule followed by the 
sequential loss of additional water molecules. A competing mechanism for complexes 
with fewer waters attached is charge separation of the ionic species to form MOH+(H2O)m
and H+(H2O)n-m-1. For most metal dications, this channel is not observed until the 
complex has shrunk to 2 -  4 waters. This behavior has been related to the relatively low 
second ionization energies (IEs) of those metals compared to the first IE of water. As the 
second IEs of the metals increase, so too do the maximum sizes, nmax, at which the charge 
separation mechanism can be seen.15 At the high end of this spectrum is Be, which has a 
second IE = 18.2 eV and an nmax = 8, yet this value decreases to 6 for Cu according to 
Shvartsburg et al.15 despite having a larger second IE, 20.29 eV.16
Studies to understand this complexity have examined multiple forms of copper 
ion hydrates including Cu2+(H2O)n,15, 17, 18, 19, 20, 21 C u(H 2O)n,14, 22, 23, 24 and the charge
+ 13 17 25 26 27separation product, CuOH (H2O)n. , , , , In our laboratory, copper ion hydration 
studies began over 20 years ago with the threshold CID (TCID) investigation of 
Cu+(H2O)n, n = 1 -  4.23 Recently, in collaboration with Williams and O’Brien, we 
investigated CuOH+(H2O)n, n = 2 -  9, using a combination of infrared photodissociation 
(IRPD) in the OH stretching region and theory.26 It was found that the CuOH+(H2O)n 
system prefers an inner shell coordination number (CN) of 4 although contributions from 
CN = 5 were apparent for n = 7 and could not be ruled out for other complexes. The 
characterization of low-energy isomers in that study prompted a subsequent TCID study 
of CuOH+(H2O)n, n = 1 -  4, which yielded comprehensive thermodynamic information 
for the dissociation of these complexes losing both OH and H2O.27
Of particular relevance to the present study is work by Kebarle and coworkers 
who showed that solvated multiply charged metal ions could be transferred to the gas 
phase using electrospray ionization (ESI) techniques.28, 29 This inspired subsequent
2+ 21 30 31experimental studies of Cu (H2O)n systems by Stace and coworkers ’ ’ and Stone and
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17 . . .  i q  20coworkers as well as theoretical studies by Rios-Font et al. and Berces et al.
Common to each experimental study is that Cu2+(H20)„ complexes achieve maximum 
intensity at n = 8. Furthermore, theory predicts that isomers with n > 4 prefer CN = 4 and 
square planar geometries because of the destabilization of axial sites by Jahn-Teller 
distortion in this 3d9 complex.32 Additional waters prefer hydrogen bonding in the second 
solvent shell as axial binding to the metal is 20 -  35 kJ/mol higher in energy, according to 
theory.19' 20
Although hydrated copper ion systems have been well-characterized, the 
thermodynamics of these systems are still incomplete. Previous efforts to provide this 
information include TCID studies from this lab of the Cu+(H20)„23 and Cu0H+(H20)„27 
systems. In the present work, we use TCID in a guided ion beam tandem mass 
spectrometer (GIBMS) to quantitatively investigate the thermochemistry of the 
Cu2+(H20)„ system, where n = 7 - 1 0 .  The present results represent the first 
experimentally determined BDEs for the Cu2+(H20)„ system. Unfortunately, smaller 
complexes are not accessible in these experiments because the charge separation 
decomposition pathway precludes their formation, as demonstrated below; however, 
speculative analysis of higher order dissociations provide some qualitative 
thermochemistry for n = 5 and 6.
3.2 Experimental and Theoretical Section
3.2.1 Instrumentation
Hydrated copper dications are created from a 10'4 M solution of CuSC>4 in neat 
water using electrospray ionization techniques. The solution is pumped through a 
stainless steel needle at a rate of 0.05 mL/hr and an applied voltage of ~2 kV. Ions then
enter the vacuum system through a 0.01” stainless steel inlet cap and drift through a 4” 
long capillary that is heated to 80 °C to desolvate large droplets. An 88 plate radio 
frequency (rf) ion funnel (IF)33 with a DC gradient typically < 10V collects and focuses 
the ions emitted from the capillary to increase signal intensity. It is essential to maintain a 
gentle DC gradient to avoid collisional heating that can arise as a result of the multiple 
encounters with ambient gas in this region. Larger gradients often result in charge 
separation, which prohibits the formation of Cu2+(H2O)n complexes in the source. After 
the IF, ions are injected into an rf-only hexapole (250 V peak to peak) where they are 
cooled by > 104 thermalizing collisions with ambient gas.34 This ensures that the ions 
subject to CID are well-defined by a Maxwell-Boltzmann distribution of rovibrational
27 34 35 36 37 38 39states at room-temperature, as shown previously. A set of DC electrodes
are located between each hexapole rod and act as an in-source fragmentation technique, 
as described in detail elsewhere.37 Increasing the voltage on these electrodes tends to 
break hydrated ions into smaller complexes. However, increasing the voltage beyond the 
peak intensity for the n = 8 complex resulted primarily in an increase in the charge 
separation products. This was also previously seen by Cooper et al. for Zn2+(H2O)n 
complexes40 and is likely a result of the relatively high second IEs for Zn and Cu of 17.96 
eV and 20.29 eV, respectively.16 As a result, we were unable to create Cu2+(H2O)n 
complexes where n < 7 with appreciable intensity for further study.
Kinetic-energy dependent CID cross sections of the n = 8 -  10 complexes were 
measured using our guided ion beam tandem mass spectrometer.41, 42 Ions generated as 
described above are focused into a magnetic momentum analyzer for mass selection of 
the reactant ion. These ions are then decelerated to a known kinetic energy and injected
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into an rf octopole ion guide43 where they pass through a collision cell containing low 
pressures of Xe gas. Xe is an ideal choice for inducing dissociation as it is heavy, 
monatomic, polarizable and chemically unreactive, all of which increase the efficiency of 
the transfer of collision energy to internal modes.23, 44, 45 Product and residual reactant 
ions drift out of the octopole where they are mass analyzed using a quadrupole mass filter 
before being detected using a Daly detector.46
3.2.2 Data Analysis
Intensities of the reactant and product ions are measured at three different 
pressures of Xe in the collision cell: ~0.2, 0.1, and 0.05 mTorr. These pressure dependent 
intensities are then converted into absolute cross sections using a Beer-Lambert law 
analogue, as described in detail elsewhere.41, 47 Linear extrapolation of the cross sections 
to zero pressure rigorously removes the effects of multiple collisions, which are 
nonnegligible in the present system. Product intensities resulting from dissociation 
outside of the collision cell as well as detector noise are removed by subtracting the 
product ion intensities without gas in the collision cell from those with gas in the cell. 
Reactant ion intensity is measured at the beginning of each experiment as a function of a 
retarding potential applied to the octopole.41 This intensity is then differentiated and fit to 
a Gaussian distribution to obtain the absolute zero of energy as well as the distribution of 
reactant ion kinetic energies, which is used in later analysis. The relative energy of the 
reactants is converted from the lab frame voltage, Vlab, to the center of mass energy, ECM, 
using eq 3.1,
ECm = qViab m /(m  + M) (3.1)
where m  is the mass of the reactant neutral Xe, M is the mass of the reactant ion, and q is
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the charge of the ion (here, 2).
Zero-pressure kinetic energy dependent cross sections for loss of a single ligand 
are analyzed using the empirical model shown in eq 3.2,
0/(£) = *01 ! 9i(E + Et -  E0J) ! /E  (3.2)
where a0 is an energy independent scaling factor, E is the relative collision energy, E0j- is 
an adjustable parameter representing the reaction threshold for channel j  at 0 K, and N is 
an adjustable parameter that describes the energy deposition function.42 The summation is 
over the rovibrational states of the reactant ion having energies Et and populations g t, 
where Y,9 i = 1. Molecular parameters needed for these calculations are taken from 
quantum chemical calculations of the ground structures, described below. Rovibrational 
states are directly counted using a Beyer-Swinehart-Stein-Rabinovitch48, 49, 50 algorithm 
and are assigned populations, g t, on the basis of a Maxwell-Boltzmann distribution at 
300 K. As the size of reactants increases, so does the number of accessible rovibrational 
states, which increases the dissociative lifetime of the complexes. Near the threshold 
energy, these lifetimes can exceed the experimental time window, t  ~ 5 x 10"4 s,42 and 
therefore require energy in excess of the threshold if they are to dissociate before 
detection. This kinetic shift increases the apparent threshold energy and is accounted for 
using Rice-Ramsperger-Kassel-Marcus (RRKM) statistical theory51, 52, 53 for 
unimolecular dissociation, which is incorporated into the cross section model as seen in
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eq 3.3. 54, 55
0 /W  =  ( - r ^ I i Si I !  _ s .0 ,  A t « ) ( E -  d ( 0  (3.3)
Here, 8 is the energy deposited into internal modes of the reactant ion complex 
during collision, such that the energized molecule (EM) has an internal energy of E* = Et
+ 8, which is used to calculate the RRKM unimolecular rate constant for dissociation of 
channely, kj(E*) where ktot(E*) = 2 kj(E*). The probability for dissociation in the 
experimental time frame is then given by P d i  = 1 -  exp[- ktot(E*) r]. Should the 
dissociative lifetime of the EM be shorter than the average experimental timeframe, the 
integration in eq 3.3 recovers eq 3.2. The incorporation of the ratio of kj(E*) and 
k to t(E )  into the model ensures that competition between reaction channels is accurately 
represented.55
Cross sections for the loss of a second water ligand are modeled by combining eq 
3.3, which reproduces the cross section of the primary dissociation product, with the 
probability for further dissociation56 given by eq 3.4,
pD2 = l - e ~ k^ T (3.4)
where k2 is the rate of the secondary dissociation and = E* — E0 j- —T1 —EL is the 
internal energy of the product ion undergoing further dissociation. Statistical assumptions 
are used to assign the distributions for T\ and EL, which represent the translational energy 
of the primary products and the internal energy of the primary neutral product, 
respectively.56
Water loss for hydrated metal cation species is a heterolytic bond cleavage that 
can be characterized as proceeding over a loose transition state (TS).57 In this work, these 
TSs are treated at the phase space limit (PSL) in which the transitional modes are rotors.54 
For the charge separation channel, a tight TS is involved instead, as discussed further 
below. All molecular parameters for the TSs and EMs needed to calculate the RRKM rate 
constants are taken from quantum chemical calculations described below. For both 
primary and secondary processes, the model cross sections of eqs 3.3 and 3.4 are
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convoluted over the kinetic energy distributions of the neutral and ion reactants before 
comparison to experimental data. The fitting parameters in these equations (o0j, N, and 
E0j) are then optimized using a nonlinear least squares criterion to reproduce the 
experimental data throughout the threshold region. The E0J threshold energies obtained 
are equivalent to the 0 K binding energy of the ligand to the metal complex,58 or in the 
case of the charge separation channel, the barrier along this potential energy surface. The 
uncertainties in these binding energies are determined from the range of parameters 
obtained from modeling multiple data sets, scaling the quantum chemical vibrational 
energies by ±10%, varying the best fit N value by ±0.1, changing the experimental time- 
of-flight up and down by a factor of 2, and including the uncertainty in the reactant ion 
voltage scale, ±0.05 eV (lab).
3.2.3 Computational Details
Multiple isomers of the Cu2+(H2O)n system, all doublet spin states, were geometry 
optimized and vibrational frequencies calculated at the B3LYP/6-311+G(d,p) level of 
theory,59, 60 including isomers of CN = 4, 5, and 6 at each value of n. Relative energetics 
of isomers including zero point energy (ZPE) corrections are obtained using single point 
energy (SPE) calculations at the B3LYP, B3P86,61 M06,62 and MP2(full)63 levels with a 
6-311+G(2d,2p) basis set. In a previous study of similar hydrated complexes,40 we 
showed that geometry optimizations, vibrational frequencies, and energetics calculated at 
the B3LYP/6-311+G(d,p) level yielded no appreciable differences from those calculated 
at alternate levels of theory, including B3LYP/6-311++G(d,p), BHandHLYP/6- 
311+G(d,p), BHandHLYP/6-311++G(d,p), and MP2(full)/6-311+G(d,p). Diffuse 
functions on heavy atoms were used at every step because of their importance in
describing the hydrogen bonding characteristics of hydration and solvation.64, 65 The rate- 
limiting transition state (TS) for charge separation processes was identified by relaxed 
potential energy surface scans of the distance between the charge separation products, 
CuOH+(H2O)3 + H+(H2O)3 and CuOH+(H2O)4 + H+(H2O)3. Previous studies in the 
Zn2+(H2O)n system show that this step must be rate-limiting even for complicated 
rearrangements.66
Rotational constants and vibrational frequencies of the ground isomers scaled by 
0.98967 were used to calculate the densities and numbers of states for each complex in our 
statistical modeling analysis, as well as zero point energy (ZPE) conversions to obtain 
theoretical BDEs at 0 K and thermal corrections to 298 K, which represents the 
temperature of reactant ions generated in the source region. Basis set superposition errors 
(BSSE) in the full counterpoise (cp) limit were also calculated for dissociation of the 
lowest energy structures at each level of theory.68, 69 All quantum chemical calculations 
were performed using the Gaussian 09 suite of programs.70
3.3 Results and Discussion
3.3.1 Theoretical Structures
Relative energies at 0 and 298 K of Cu2+(H2O)n isomers predicted by the different 
levels of theory are given in Table 3.1 with two low-energy isomers shown in Figure 3.1 
for n = 4 -  10. For all complex sizes except n = 5, all levels of theory predict the same 
ground isomer at 298 K. We use an (x,y,z) nomenclature to describe each unique 
structure where x = CN and y and z are the number of waters in the second and third 
solvent shells, respectively. To further distinguish isomers, hydrogen bonding of second 
and third shell waters is denoted using an A/D nomenclature where A refers to a water
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molecule accepting a single hydrogen bond and D refers to a water molecule donating a 
single hydrogen. Underscores following the (x,y,z) designation indicate the beginning of 
a different solvent shell, however, there are instances where waters bind to two separate 
solvent shells. In these cases, 0.5 is added to each participating shell in the (x,y,z) name 
and the description of that water following the (x,y,z) designation is included in the 
highest number solvent shell, as illustrated in Figure 3.2 for the
(4,3.5,1.5)_2AD,AAD_2AA complex.
For n = 4, all levels of theory predict the ground isomer to be a square-planar (4,0) 
complex with Cu-O bond lengths of 1.97 A. The hydrogens are rotated by 44° out of the 
plane established by the copper and oxygens, such that there are weak hydrogen bonding 
interactions between each adjacent water molecule. This isomer has a high level of 
symmetry, D4. For n = 5, the (5,0) MP2(full)/M06 ground isomer at 298 K has a square 
pyramidal geometry. Cu-O bond lengths for waters at the base are 2.03 A for waters with 
hydrogens pointing at the axial ligand (OCuO bond angle = 95°) and 1.99 A for waters 
with hydrogens in the plane of the base (OCuO bond angle = 97°). The axially bound 
water has a Cu-O bond length of 2.20 A. The (4,1)_AA B3LYP/B3P86 ground isomer 
remains square planar and populates the second solvent shell with an AA water. Cu-O 
bond lengths for the inner shell nonhydrogen bonding, inner shell hydrogen bonding, and 
outer-shell waters are 1.95, 1.99, and 3.72 A, respectively. The dipole moments of the 
waters participating in hydrogen bonding point 22° and 30° away from the Cu center, 
whereas dipole moments of the waters not participating in hydrogen bonding are aligned 
with Cu.
For n = 6, the 298 K ground isomer has CN = 4 and a square planar geometry
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with two second shell waters. At 0 K, MP2(full)/B3P86 predict the two second shell 
ligands are opposite of each other, (4,2)_2AAtrans, whereas they prefer to be next to each 
other, (4,2)_2AAcis.twist, in the B3LYP/M06 ground configuration. These isomers are 
within 4 kJ/mol of one another at all levels of theory. (4,2)_2AAtrans has Cu-O bond 
lengths of 1.96 and 3.73 A for inner and outer shell waters, respectively. Dipole moments 
of the water ligands point away from the Cu by 21 - 40°. (4,2)_AAcis.twist has nonuniform 
inner shell Cu-O bond lengths because of different hydrogen bonding environments.
Cu-O bond lengths of 1.95 and 1.94 A are seen for first shell waters having one and two 
hydrogen bonds, respectively, whereas the water ligand not participating in hydrogen 
bonding has a slightly elongated bond length of 2.01 A. Dipole moments for the waters 
with two or zero hydrogen bonds have dipole moments pointed at the Cu, whereas water 
molecules participating in one hydrogen bond have dipole moments that are skewed by 
32 -  38°. Bond lengths for second shell waters are the same as those in the trans isomer. 
Note that there are two (4,2)_2AAcis configurations, see Table 3.1. The ground isomer,
(4,2)_AAcis-twist, predicts that the nonhydrogen bonding water ligand is perpendicular to 
the plane of the molecule. Moving the hydrogens back into the plane of the molecule to 
give the (4,2)_AAcis.flat structure is 5 -  7 kJ/mol higher in energy. Structures with 5- 
coordinate geometries are 2 -  25 kJ/mol higher at 298 K. In the (5,1)_AA isomer, the 
second shell water molecule binds to two inner shell waters in the base, whereas in the
(5,1)_AAaxial isomer, the second shell water molecule binds to inner shell waters in the 
base and in the axial position. The octahedral (6,0) complex is 8 -  10 (MP2(full)/M06) 
and ~35 (B3LYP/B3P86) above the (4,2) ground isomer.
For n = 7, the CN and inner shell geometry of the (4,3)_3AA ground isomer is
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unchanged from n = 6. Cu-O bond lengths are 1.97 and 1.95 A for inner shell waters with 
one and two hydrogen bonds and 3.75 A for outer shell waters. Dipole moments for 
waters with two hydrogen bonds point at the Cu, whereas dipole moments for waters with 
just one hydrogen bond point 67° away from copper. Structures with larger CN (5 and 6) 
lie at least 3 and 22 kJ/mol higher in energy (298 K), respectively, see Table 3.1, with 
B3LYP/B3P86 results generally being ~11 and ~20 kJ/mol, respectively, higher than 
MP2(full)/M06 values. At n = 8, the (4,4)_4AA ground isomer has identical inner shell 
waters leading to uniform Cu-O bond lengths of 1.95 and 3.76 A for first and second 
shell waters, respectively. Dipole moments for all waters point towards Cu.18, 20 At this 
complex size, structures with larger CN (5 and 6) lie at least 19 and 21 kJ/mol higher in 
energy (298 K), respectively, see Table 3.1.
The 298 K ground isomer for n = 9, (4,4,1)_3AA,AAD_A, has a square-planar 
geometry with CN = 4 and is the smallest complex size with a water in the third solvent 
shell. Inner shell bond lengths are uniform at 1.95 A, whereas second shell AA waters 
and the AAD water have Cu-O bond lengths of 3.77 and 3.67 A, respectively. The third 
solvent shell A water has the longest Cu-O bond length investigated at 5.77 A. At 0 K, 
MP2(full)/M06 predict the (5,4)_4AA structure to be the ground isomer with a square 
pyramidal geometry. The Cu center for this isomer is slightly higher than the plane 
formed by the four inner shell waters forming the base. Cu-O bond lengths of those four 
waters are 1.99 A, whereas the axially bound water and the second shell waters (all 
bound to the base) have bond lengths of 2.26 and 3.81 A, respectively. Energetic 
differences between these two CN = 4 and 5 structures are 4 -  5 kJ/mol for 
MP2(full)/M06, but 9 -  11 kJ/mol for B3LYP/B3P86 at 0 K (3 -  4 and 17 -  20 kJ/mol,
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respectively, at 298 K).
For n = 10, the 10th water in the 298 K ground isomer, (4,4,2)_2AA,2AAD_2A, is 
placed opposite the initial A water in the third shell giving the isomer C2v symmetry.
Cu-O bond lengths are only slightly changed from n = 8 and 9 with inner shell lengths of 
1.95 A, second shell AA lengths of 3.77 A, second shell AAD lengths of 3.69 A, and 
third shell A lengths of 5.76 A. At 0 K, MP2(full)/M06 prefers the 10th water be 
hydrogen bonded to the first shell axial ligand and a second shell water, hence the 
(5,4.5,0.5) designation. The Cu-O bond length for this water is 4.53 A, which falls 
between those of the second and third solvent shells, which average ~3.8 and 4.8 A, 
respectively. Cu-O bond lengths are unchanged from (5,4)_4AA of n = 9 except for the 
axially bound water and the second shell water participating in hydrogen bonding, which 
are now 2.28 and 3.61 A, respectively. Energetic differences between these two isomers 
of n = 10 are ~5 kJ/mol at 0 K and increase to ~10 kJ/mol at 298 K for MP2(full)/M06, 
whereas B3LYP/B3P86 put this isomer 13 -  16 kJ/mol above the (4,4,2) ground structure 
(~ 30 kJ/mol at 298 K).
The transition states (TSs) for the charge separation processes are composed of 
two species, CuOH+(H2O)m and H+(H2O)n_m.1. Competing with water loss at n = 7 is 
formation of CuOH+(H2O)3 and H+(H2O)3, which passes over TS[3+3]. The distance 
between the closest oxygens of each species at the TS is 3.85 A, and the O-H bond 
distance between the hydroxyl oxygen and the H3O+ hydrogen is 2.92 A. The OH ligand 
on the CuOH+(H2O)3 species forms a HOCu bond angle of 109° and the remaining water 
ligands are all aligned such that bonding to the Cu center occurs via one of the two lone 
pairs on each molecule, as found previously.27 Competing with water loss at n = 8 is
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TS[4+3], which has an O-O distance between species of 4.05 A, and an O-H distance 
between the hydroxyl oxygen and the H3O+ hydrogen of 3.15 A. The OH ligand on the 
CuOH+(H2O)4 species forms a HOCu bond angle of 111° and one water is bound in a 
second shell to two inner shell water ligands, as detailed previously.27 Compared to 
CuOH+(H2O)3, the dipole moments of the water ligands on CuOH+(H2O)4 are more 
directly pointed towards the Cu center as a result of the hydrogen bonding between the 
two first shell waters and the second shell water.
3.3.2 Infrared Spectra
Infrared photodissociation (IRPD) spectra were previously measured by O’Brien 
et al. for the Cu2+(H2O)n system, where n = 6 -  10, at 215 K.18 Good agreement was 
found between the theoretical and experimental spectra although no comparison was 
given for n = 9. For n = 6 -  8 and 10, the ground isomers found in that study are the same 
ones identified here at 298 K. To characterize the n = 9 ground isomer at 298 K, the 
ground isomer found by all four levels of theory in the present work is compared to the 
experimental spectra of O’Brien et al. in Figure 3.3b. To validate our characterization, we 
applied the same methods to the n = 8 spectrum and successfully reproduced the results 
of O’Brien et al., see Figure 3.3a. This comparison was used to determine a scaling factor 
of 0.959, which when applied to the theoretical frequencies, provided the best match with 
the experimental spectra. This scaling factor differs only slightly from that used in 
previous studies, 0.956.18, 71
For n = 9, the (4,4,1) ground isomer reasonably agrees with the experimental 
spectrum, although this isomer has two broad features below 3350 cm-1 that are not 
obvious in the experimental spectrum. Likewise, the (5,4) spectrum is consistent with the
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experimental spectrum and no longer predicts intensity below 3300 cm-1. The lack of 
intensity below 3300 cm-1 does not necessarily rule out the presence of (4,4,1) because 
photodissociation in the bonding-OH region (2800 -  3500 cm-1) is often much less
72 73 74efficient than predicted by the calculated absorption spectra; ’ ’ however, a distinct 
band in this region is clearly observed for the n = 10 complex, see Figure 3.3c. MP2(full) 
theory predicts that the (4,4,1) and (5,4) isomers have a relative free energy of only 0.7 
kJ/mol at 215 K (1.4 kJ/mol for M06), such that the (5,4) isomer would exist in a 40:60 
ratio with the (4,4,1) isomer. This would help explain the very low experimental intensity 
below 3350 cm-1.
For n = 10, low-energy isomers found by O’Brien et al., (4,4,2) and (5,4,1), as 
well as two additional low-energy isomers found in the present study are compared to the 
experimental spectrum in Figure 3.3c. In accord with the analysis of O’Brien et al., the
(4,4,2) structure achieves good agreement in the free OH stretching region; however,
(5,4,1) provides a comparable match with relative intensities more similar to our 
experiment. (Notably, the details of the frequencies in the free OH region calculated here 
for (5,4,1) differ slightly from those shown by O’Brien et al. and do agree with the 
observed spectrum better.) The MP2(full)/M06 ground isomer at 0 K, (5,4.5,0.5), is 
clearly not as good a match with experiment nor is the next highest energy isomer 
predicted by B3LYP/B3P86, (4,5,1), although either could contribute to the observed 
spectrum. Unlike the n = 9 spectrum, a distinct peak below 3300 cm-1 can be seen in the 
experimental spectrum for n = 10. This is also consistent with the spectra predicted for 
both the (4,4,2) and (5,4,1) isomers, which MP2(full)/M06 predicts are low-lying at 298 
K. At the 215 K temperature where the spectrum was obtained, (4,4,2) is predicted to be
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the ground isomer at all levels of theory. The relative free energy of the (5,4,1) isomer is 
2.0 -  2.6 kJ/mol higher in energy at the MP2(full)/M06 levels, respectively, such that its 
equilibrium population would be 19 -  25%. At the B3LYP/B3P86 levels, the relative 
energy of the (5,4,1) isomer is predicted to be 16 -  19 kJ/mol, which would exclude it 
from existing with any significant population.
Overall, these IRMPD results appear to provide evidence for both 4- and 5- 
coordinate structures of the n = 9 and 10 complexes but not of n = 8. The results are most 
consistent with relative energetics calculated at the MP2(full) level of theory, in 
agreement with previous results for analogous Zn2+(H2O)n complexes.71 However, the 
IRPD spectra for Cu2+(H2O)n complexes can be reasonably reproduced using any level of 
theory utilized in the present work. The spectra of different isomers are not sufficiently 
distinct in most cases to provide a definitive assessment of the best level of theory.
3.3.3 TCID Results
Experimental cross sections for collision-induced dissociation with Xe were 
measured for Cu2+(H2O)n, where n = 8 -  10 as shown in Figure 3.4. Starting with the 
largest complex, Figure 3.4c shows Cu2+(H2O)10 colliding with Xe to form products, 
yielding sequential loss of water ligands with increasing energy. The low intensity of this 
reactant ion leads to the noisy results and prevented observation of appreciable intensities 
of charge separation products seen for smaller complexes. Interestingly, the cross section 
of the n = 8 channel crosses over that of n = 9 suggesting an enhanced stability of the 
former over the latter. This is clearly consistent with the highly symmetric (4,4) structure 
identified by IRPD spectroscopy18 and theory at n = 8 and the addition of waters into a 
third solvent shell at n = 9.
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Figure 3.4b shows Cu2+(H2O)9 colliding with Xe to form products. The primary 
dissociation pathway consists of loss of a single water molecule to form Cu2+(H2O)8, 
which is then followed by loss of an additional water to form Cu2+(H2O)7  and charge 
separation of n = 8 to form CuOH+(H2O)4 + H+(H2O)3 (hereafter called [4+3]) at similar 
thresholds. At higher energies, charge separation to form CuOH+(H2O)3 + H+(H2O)3 
([3+3]) and water loss to form Cu2+(H2O)6 also appear with similar apparent thresholds. 
The cross section of the H+(H2O)3 product is slightly smaller than that of the total cross 
section for charge separation, given in black dots, and parallels its energy dependence. 
Clearly, the magnitudes of the cross sections for the singly charged metal hydroxide and 
proton bound water clusters should be identical; however, experimental and dynamical 
factors can prevent this from being observed. This has been seen in previous work19, 66, 75 
and is caused by poor collection efficiency for the lighter H+(H2O)3 product as a result of 
the large kinetic energies given to both products after passing over the Coulombic barrier 
during charge separation (see below). Because of momentum conservation, the lighter 
proton bound water cluster receives a higher velocity and can be scattered backward in 
the laboratory frame. Careful focusing can retrieve these products, however, at the cost of 
losing intensity of the parent complex. Because of the competition between water loss 
and charge separation starting at n = 8, we were unable to form reactants smaller than n =
8 with appreciable intensity in the source region. It is also interesting to note that the 
Cu2+(H2O)4 cross section is larger than that of Cu2+(H2O)5 at higher collision energies. 
This indicates that the n = 4 complex is entropically favored, which is consistent with it 
having a highly symmetric (D4) square planar geometry, as found theoretically here, see 
Figure 3.1.19, 20
Figure 3.4a shows Cu2+(H2O)8 colliding with Xe to form products. Here, the 
products are the same as those in Figure 3.4b, with the exception of CuOH+(H2O)4, which 
unfortunately was not collected at the time of the experiment. Its presence can be inferred 
from the observation that the H+(H2O)3 product cross section has a lower threshold 
energy than CuOH+(H2O)3, just as in Figure 3.4b. Multiple attempts to recollect these 
data including all charge separation products were unsuccessful. We believe this failure 
can be attributed gradual changes in the pumping efficiency that have led to higher 
pressure in the source region, which induce the formation of metastable ions that charge 
separate before reactant ion selection. In some recent studies on similar systems, this 
issue can be overcome by utilizing the in-source fragmentation technique to shift the 
reactant population towards more stable ions. However, this procedure usually comes at 
the cost of signal intensity, which is already low for the Cu2+(H2O)n system. As a 
consequence, this technique could not be used without depleting the reactant beam to the 
point where signal was no longer adequate for quantitative studies.
3.3.4 Modeling of Experimental Cross Sections
Cross sections for the first and second water loss products resulting from 
collisions of Cu2+(H2O)n, n = 8 -  10, with Xe after extrapolation to zero pressure are 
shown in Figure 3.5. We model these cross sections for the n = 8 -  10 reactants in 
several ways: a) the total cross sections are analyzed using eq 3.3, b) cross sections for 
loss of one and two H2O ligands are analyzed using eqs 3.3 and 3.4, and c) competition 
with the charge separation channels is included. Optimized parameters for all three 
approaches are given in Table 3.2. For a given reactant, the difference between the 
primary and secondary thresholds can be measured with more precision than the absolute
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values for each threshold because many systematic sources of uncertainty cancel. In our 
modeling, threshold energies correspond to 0 K BDEs for dissociation of the 298 K 
ground isomer of the reactant and the 0 K ground isomer for the product.66 When 
modeling the n = 8 and 9 cross sections, theory agrees on which isomers to use, whereas 
different levels of theory make different predictions for the 0 K isomer of the n = 9 
product formed from the n = 10 complex, see Table 3.1. Therefore, we model the cross 
section for the dissociation of a water from n = 10 considering both possibilities 
independently, as well as a composite analysis described below.
Modeling of the total cross section and primary and sequential water loss from the 
n = 8 complex, Figure 3.5a, yields a BDE for loss of a water from n = 8 of 0.76 ± 0.03 eV 
and from n = 7 of 1.07 ± 0.03 eV. Theory predicts two different (4,2) ground isomers at 0 
K for n = 6, see Table 3.1; however, differences between the thresholds modeled with 
each product isomer were much less than the experimental error of the measurement. 
Consequently, only one set of values is reported here. The ability to measure the BDE for 
water loss from the Cu2+(H2O)7 complex underscores the value of sequential modeling. 
Without it, we would be limited to measuring dissociation energies of complexes created 
in the source, which excludes n = 7.39, 66, 75 Sequential modeling of the n = 9 complex, see 
Figure 3.5c, gives a threshold difference of 0.81 ± 0.03 eV, which is within the combined 
experimental uncertainties of the primary threshold value obtained for analysis of n = 8, 
0.76 ± 0.03 eV. The total cross section and primary modeling of the n = 9 complex yield 
BDEs for loss of water from n = 9 that are essentially the same, 0.52 ± 0.06 and 0.50 ± 
0.04 eV, respectively, as expected.
For n = 10, the threshold obtained assuming a (4,4,1) product is 0.51 ± 0.07 eV,
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whereas the (5,4) product yields a threshold of 0.39 ± 0.06 eV. We also consider the 
possibility that both isomers are formed with relative thresholds corresponding to their 
calculated relative MP2(full) energies at 0 K, 0.05 eV, see Table 3.1. This composite 
model is shown in Figure 3.5f, where it can be seen that formation of (4,4,1) dominates 
the shape of the cross section at high energies because of its larger entropy. Nevertheless, 
the threshold remains essentially the same as when the (5,4) product alone is assumed, 
see Table 3.2. Clearly, if  the (5,4) complex is actually higher in energy (as suggested by 
B3LYP/B3P86 results), its production will not be an appreciable contribution to the cross 
section, such that a threshold interpreted in this fashion should remain the same as found 
for the (4,4,1) product.
The threshold energy for the n = 10 complex assuming a (5,4) product is much 
lower than all theoretical BDEs (see detailed discussion in next section), whereas results 
assuming a (4,4,1) product exhibit good agreement. For this reason, modeling the loss of 
a sequential water from n = 10 is performed using the (4,4,1) isomer only, see Figure 
3.5e. Analysis of the cross sections for the sequential water loss using eqs 3.3 and 3.4 
yields a threshold difference of 0.50 ± 0.03 eV, which equals the primary threshold for 
water loss from n = 9 of 0.52 ± 0.06 eV, as expected.
We now consider the effect that the competing charge separation channels might 
have on the analysis. For n = 7 and 8, the competing charge separation pathways yield 
[3+3] and [4+3], respectively, and must pass over rate-limiting transition states TS[3+3] 
and TS[4+3], respectively. For n = 8, the CuOH+(H2O)4 product was not collected at the 
time of the experiment, so competition from this charge separation channel was modeled 
using the H+(H2O)3 product cross section. Because this lighter product was collected with
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poor efficiency, its cross section was scaled to that for CuOH+(H2O)3 near its peak 
magnitude. Now the competitive model yields a threshold for water loss of 0.76 ± 0.11 
eV, the same value obtained without accounting for competition, and 0.75 ± 0.13 eV for 
the charge separation channel to form [4+3]. The best reproduction of the charge 
separation channel both in shape and absolute magnitude was obtained when the low 
frequency vibrational modes (< 900 cm-1) were scaled up by 3%. Changes as small as 
±2% resulted in noticeably poorer reproduction of the data. Notably, the relative 
threshold energies for these two processes can be more precisely given as 0.01 ± 0.02 eV, 
with charge separation being favored. As shown in Figure 3.5b, despite the similar 
threshold energies, the water loss channel is much larger in magnitude because it involves 
a loose transition state, whereas passing over the Coulomb barrier that is associated with 
charge separation (see discussion below) restricts this channel appreciably.
It is also possible to analyze this charge separation pathway starting from the n =
9 complex as a sequential dissociation competitive with water loss to form n = 7, see 
Figure 3.5d. Here, the thresholds for the two processes are again similar, 1.27 ± 0.11 eV 
for water loss and 1.23 ± 0.13 eV for charge separation, with a relative threshold 
difference of 0.04 ± 0.03 eV. This result is consistent with the relative thresholds 
obtained from the n = 8 reactant, and the absolute values are also in agreement as they 
are 0.77 and 0.73 eV above the loss of the first water at 0.50 eV.
It is important to realize that the CuOH+(H2O)3 product can be formed either by 
losing water from CuOH+(H2O)4 or by charge separation of n = 7 to yield [3+3]. The 
former process was previously found to have a 0 K threshold of 0.59 ± 0.07 eV.26 
Examination of Figure 3.4b shows that this energy is approximately consistent with the
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relative onsets of CuOH+(H2O)4 and CuOH+(H2O)3. In addition, this sequential 
dissociation explains why the CuOH+(H2O)4 reaches its maximum when the 
CuOH+(H2O)3 product begins to be formed. Nevertheless, we also tried modeling the 
putative TS[3+3] charge separation process in competition with water loss from n = 7, 
which could be done starting from either n = 8 or 9, as illustrated in Figure 3.5d. 
Consistent results were obtained and yielded thresholds that are 0.5 eV higher than the 
amount of energy required to form CuOH+(H2O)3 from dissociation of CuOH+(H2O)4. 
This indicates that the [3+3] product is predominately formed by water loss from [4+3].
Table 3.2 also includes the entropies of activation evaluated at 1000 K for each 
complex size. These entropies are sensitive to rearrangements in the solvent shell as well 
as the formation of new solvent shells. This can be seen in the difference between A S -^  
values of the (4,4,1) and (5,4) products from the (4,4,2) reactant isomer, which differ by 
22 J/mol K. A particularly small value of 3 J/mol K is found for the n = 9 complex, 
resulting from the removal of the single third solvent shell water. This small value 
indicates that the water being eliminated is already relatively loosely bound, such that its 
dissociation does not appreciably change the entropy.
Because of the limited range of complexes investigated in the present work, we 
have also investigated whether modeling the tertiary (loss of three H2O) and quaternary 
(loss of four H2O) sequential products might provide useful thermodynamic information. 
Because our modeling program, CRUNCH, is programmed to examine only primary and 
secondary ligand loss channels, this necessitates taking thermochemistry from the relative 
thresholds for loss of two versus three water ligands and three versus four water ligands 
and ignoring the dominant primary and secondary channels. As these approaches are
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therefore more speculative, these results are detailed in the Supporting Information.
3.3.5 Comparison of Primary versus Secondary and Theoretical 
Bond Energies
As noted above, there is good agreement between the primary and secondary 
bond energies determined using the models of the total cross sections and individual 
product cross sections. In general, the models of the total cross sections provide the best 
experimental information as fewer assumptions associated with the modeling are needed. 
Therefore, in the following we take the thresholds from the single channel modeling of 
the total cross section to be our best experimental BDEs for the Cu2+(H2O)n complexes 
where n = 8 -  10. For the n = 7 complex, we necessarily use the value obtained from our 
sequential modeling procedure including competition with the charge separation channel.
Theoretical BDEs were calculated using the same isomers employed for statistical 
modeling, see Table 3.1, and are compared to the experimental values in Table 3.3. All 
theoretical BDEs include zero point energy corrections calculated at the B3LYP/6- 
311+G(d,p) level and are given with and without counterpoise corrections for BSSE. 
Counterpoise corrections were < 5 kJ/mol for B3LYP, B3P86, and M06 levels and as 
large as 14 kJ/mol for MP2(full). Figure 3.6 shows the comparison of these theoretical 
BDEs including counterpoise corrections with primary and sequential experimental 
BDEs for water loss from Cu2+(H2O)n where n = 7 -  10.
The BDEs at all levels of theory agree well with each other, although MP2(full) 
values are lower than the DFT results for n = 9 and 10 and M06 values tend to be high. 
Theoretical BDEs generally overestimate the experimental values for n = 8 -  10 and are 
somewhat low for n = 7. Modeling the experimental cross section for n = 10 using the
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(5,4) product yields a BDE of 37.6 ± 5.8 kJ/mol, which is 14 -  36 kJ/mol lower than 
theory. Modeling the same cross section using the (4,4,1) product yields a BDE that is 
higher, 49.2 ± 6.6 kJ/mol, and only 0 -  11 kJ/mol lower than theory, see Table 3.3. In 
general, differences between theoretical and experimental BDEs lead to mean absolute 
deviations (MADs) of 7 -  12 kJ/mol, which are somewhat larger than the mean 
experimental uncertainty of ~5 kJ/mol. MP2(full) yields results most consistent with 
experiment mainly because it reproduces the values for n = 9 and 10, whereas M06 and 
B3P86 reproduce the n = 7 BDE better. The MADs increase at all levels of theory when 
BSSE corrections are not included, appreciably for MP2(full).
Experimental BDEs decrease by ~25 kJ/mol for each water going from n = 7 to 9 
and are nearly the same for n = 9 and 10. This is suggestive of the formation of a third 
solvent shell at n = 9, in which hydrogen bonded waters are significantly shielded from 
the metal center. A comparable result is found by all levels of theory, which show a 
relatively large drop in binding energies between the n = 8 and 9 complexes and 
comparable BDEs for n = 9 and 10.
3.3.6 Charge Separation
For n = 8, the threshold for charge separation to form [4+3] is found to be slightly 
lower in energy than the threshold for water loss to form n = 7. This finding is consistent 
with the results of Shvartsburg et al.15 who found a lower limit to the critical complex 
size, ncrit, for Cu2+ to be 6. In a previous study, the discrepancy between ncrit values 
obtained in our laboratory and those obtained using other methods prompted a 
redefinition of ncrit as the largest value of n at which charge separation is energetically 
favored over water loss.66 As the present results demonstrate that charge separation is the
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favored pathway for n = 8, ncrit for the Cu2+(H2O)n system is therefore 8. As noted in the 
Introduction, given that the second IE of Cu, 20.29 eV,16 is larger than that of Be, 18.2 
eV, the present assignment of ncrit now seems consistent with the observation that nmax =
8 for Be.
Figure 3.7 shows calculated potential energy surfaces for dissociation of the n = 8 
complex, including the products and rate-limiting transition states for the charge 
separation and water loss channels. Dissociation to lose water is calculated to be lower in 
energy than charge separation to form TS[4+3] by 3 -  29 kJ/mol, see Table 3.3, except at 
the B3P86 level where charge separation is favored by 4 kJ/mol. The variance in the 
reverse Coulomb barrier among theory is relatively small with values between 147 and 
157 kJ/mol. Both B3P86 and B3LYP agree with experiments that these two channels 
have similar threshold energies, although all levels of theory exceed the absolute 
experimental values. Similar results for charge separation from n = 7 to form [3+3] are 
included in Table 3.3, with the potential energy surface (PES) provided in the Supporting 
Information. Comparison of the relative energies of the rate-limiting transition states of 
water loss and charge separation shows that charge separation is favored by 6 -  24 kJ/mol 
except at the MP2(full) level, which favors water loss by ~ 6 kJ/mol. This charge 
separation channel is not directly observed experimentally because it is masked by the 
sequential dissociation of water from the [4+3] product.
3.3.7 Comparison to Literature Theoretical Results
Berces et al. studied the Cu2+(H2O)n system where n = 3 -  8 using a combination 
of static density functional theory (DFT) and ab initio molecular dynamics simulations.20 
Ground isomers found in that study tend to have inner shell waters with dipole moments
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that do not point directly toward Cu, such that bonding occurs to one of two equivalent 
lone pair electrons. This differs from ground isomers found in the present study, which 
tend to have water dipole moments that are nearly collinear with Cu. The incremental 
binding energies for the n = 8 and 7 ground isomers found in the study of Berces et al. are 
99 and 116 kJ/mol, respectively, see Table 3.3. These values are 6 -  18 kJ/mol higher 
than the nearest theoretical values (M06) in the present work and are well outside the 
uncertainty of the experimental values. Our attempts to reproduce the unique orientation 
of the first shell waters in that study collapsed upon optimization to the same n = 8 
isomer given in Figure 3.1. Calculations by Berces et al. were also performed on the n = 8 
isomer where all first shell hydrogens lie in the plane of the molecule, our (4,4)_4AA 
ground structure. The loss of a single water from this structure was calculated to be 86 
kJ/mol, which agrees better with the present theoretical work.
Rios-Font et al. performed a theoretical study of Cu2+(H2O)n, where n = 1 -  6, at 
the BLYP, B3LYP, MPWB1K, and BHLYP levels of theory with both 6-311++G(d,p) 
and cc-pVTZ basis sets. CCSD(T) calculations were also performed for n = 1 -  5. For n = 
4 -  6, a four-coordinate inner shell with square planar geometry was found as the ground 
isomer at all levels of theory. For n = 2 and 3, the water ligands point directly at the 
copper center, whereas for n = 4, the water ligands are oriented such that the dipole 
moment of each is tilted, similar to the findings of Berces et al.19 Upon addition of a 
second shell water to form n = 5, hydrogen bonding appears to dominate the electrostatic 
interactions and dipole moments of all waters again point more closely towards the 
copper center, which agrees well with the present work. At n = 6, both the (4,2)_2AAtrans 
and (4,2)_2AAcis-twist isomers are identified and differ by ~2 kJ/mol (B3LYP), the same
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difference found in the present study. For B3LYP, relative energies between the most 
stable 4- and 5-coordinate isomers are 43, 17, and 22 kJ/mol (n = 4 -  6, respectively), 
which are on the same order as the differences of 37, 10 and 31 kJ/mol found here. Cu-O 
bond lengths for inner shell waters are identical to those found in the present study for n 
= 4 -  6.
3.3.8 Comparison to Other Metals: Mg2+, Ca2+, Sr2+, Ba2+, Fe2+,
Zn2+, C d 2+
The alkaline earth dications, Mg2+, Ca2+ and Sr2+, have rare gas electron 
configurations and are hydrated with well-defined inner shell geometries that prefer CN = 
6.38, 76, 77, 78 Ba2+ is large enough that evidence for both CN = 6 and 7 and possibly 8
79 2+ 2+exists. In contrast, Zn and Fe have somewhat ambiguous inner shell CNs in which 
both CN = 5 and 6 are competitive.40, 66, 71, 75 The ambiguity of the inner shell CN for 
Zn2+ is likely a result of having a d10 configuration and small ionic radius. Cd2+ also has a 
d10 configuration yet has a well-defined inner shell geometry (CN = 6),39 presumably 
because its larger ionic radius can more easily accommodate a sixth ligand and adopt a 
stable octahedral geometry.
These results are in contrast to Cu2+, which has a d9 configuration. As discussed in 
our previous papers,26, 27 this d9 configuration has interesting implications. For instance, 
of the first row transition metals, Cu2+ has the highest crystal field stabilization energy 
(CFSE), as determined in the Irving-Williams series.80 Typically, metal ions with large 
CFSEs tend to coordinate ligands in octahedral geometries; however, the partially filled 
eg orbitals in a d9 configuration undergo further splitting, which stabilizes the equatorial 
ligands at the cost of destabilizing the axial ligands. In the limit of this axial elongation,
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these complexes resemble square-planar coordination. Indeed, Cotton and Wilkinson 
find that for many discrete complexes of Cu2+, cases of tetragonally distorted octahedral 
complexes and square coordination cannot be sharply differentiated.32 In the present 
work, square-planar geometries are preferred over octahedral geometries, although the 
five-coordinate square pyramidal geometry is competitive at MP2 and M06 levels of 
theory for n = 9 and n = 5, see Table 3.1.
3.3.9 Conversion to 298 K Thermodynamics
Using the calculated frequencies and rotational constants of the various 
complexes, a rigid rotor/harmonic oscillator approximation was employed to convert the 
0 K binding energies into hydration enthalpies and free energies at 298 K, see Table 3.4. 
The uncertainties in these conversions are found by scaling the vibrational frequencies up 
and down by 10%. 0 K binding energies used here are the same as those used for 
comparison to theory in Table 3.3. It is important to note that there are many low 
frequency vibrations that correspond to hindered rotations and translations of the water 
ligands in these noncovalently bound systems. Therefore, treating these vibrations as 
harmonic oscillators may lead to inaccuracies, however, more exact treatments are 
beyond the scope of the present study.
Hydration enthalpies and the free energies of hydration increase with decreasing n 
despite the fact that the entropies of dissociation decrease going from n = 10 to 9 and 
increase from there to n = 8. This is indicative of the formation of a third solvent shell for 
n = 9, which is in accord with observations by O’Brien et al.18 who found features in the 




The kinetic energy dependent cross sections for collision-induced dissociation o f 
Cu2+(H2O)n where n = 8 -  10 with Xe are investigated. The primary dissociation 
pathways consist of loss of a water followed by the sequential loss of additional waters 
until n = 8, at which point charge separation becomes the favored pathway. The data are 
interpreted to yield the first experimentally determined BDEs for the hydrated Cu2+ 
system. Primary and sequential BDEs for water loss are obtained from analysis of the 
cross sections using statistical modeling procedures and are found to be in good 
agreement with each other. Theoretical BDEs are calculated from the ground isomers at 
each complex size at the MP2(full), B3LYP, B3P86, and M06 levels of theory with a 6- 
311+G(2d,2p) basis set. Primary threshold energies for n = 8 -  10, the sequential 
threshold energy for n = 7, and the charge separation threshold for n = 8 are compared to 
theoretical 0 K BDEs at each level o f theory and are found to be in reasonable agreement. 
More speculative thermochemistry for n = 5 and 6, as well as additional information for 
TS[3+3] can be found in the Supporting Information. Experimental 0 K BDEs are 
converted into thermodynamic values at 298 K using a rigid rotor/harmonic oscillator 
approximation that employs vibrational frequencies and rotational constants o f the 
theoretical ground isomers.
3.5 Supporting Information
Experimental thresholds are typically extracted from modeling o f either the 
primary or sequential products only. However, because of the limited range of 
complexes studied in the present work, we have investigated whether modeling the 
tertiary sequential product might provide useful thermodynamic information. In this
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approach, we treat the n -  2 and n -  3 product cross sections as if  they were the primary 
and sequential dissociation products, respectively.
To test the accuracy of this approach in the present system, we first modeled the 
tertiary processes of the n = 9 and 10 reactants, for which primary and secondary 
threshold data are available for comparison. For n = 10, we obtained a value of 1.10 ± 
0.18 eV for dissociation of n = 8 to 7, and for n = 9, we obtained a value of 1.43 ± 0.07 
eV for dissociation of n = 7 to 6. Both values are ~0.33 eV higher than the best 
experimental values discussed above, see Table 3.2, outside of the combined 
experimental uncertainties. As the zero pressure extrapolated cross sections for these 
small intensity higher energy products are relatively scattered, especially near threshold, 
a more accurate approach may be to model the cross sections directly from the high, 
medium, and low pressure data and linearly extrapolate the resulting thresholds to zero 
pressure. Using this approach for n = 10 results in an upper limit for dissociation of 0.98 
± 0.19 eV, within combined uncertainties of the experimental values of 0.76 ± 0.03 eV 
and well within the 0.88 -  0.96 eV range predicted by theory. For n = 9, this approach 
results in a value of 1.28 ± 0.10 eV for dissociation of n = 7 to 6, which is slightly larger 
than the value of 1.07 ± 0.03 eV obtained from secondary modeling, as well as the range 
of values given by theory of 0.94 -  1.01 eV. In both cases, the tertiary value is ~0.20 eV 
higher than our best value.
Modeling the zero pressure extrapolated cross sections for the n = 8 reactant 
yielding the n = 6 and 5 products resulted in a relative threshold of 1.86 ± 0.10 eV, see 
Figure 3.8a. Because theory predicts two different ground isomers for n = 5, (5,0) and 
(4,1), we modeled the cross section considering both possibilities. When the high,
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medium, and low pressure cross sections are modeled directly the extrapolated zero- 
pressure threshold lowers to 1.52 ± 0.17 eV for the (5,0) product and 1.49 ± 0.16 eV for 
the (4,1) product. Because modeling these tertiary processes gives thresholds that are 
higher than those from the primary and sequential model, the value for n = 6 of 1.49 ± 
0.16 represents an upper limit to the true threshold. As noted above, a more realistic 
value in this system is probably about 0.20 eV lower, 1.3 ± 0.2 eV.
Finally, we model the n = 5 and 4 cross sections from the n = 8 reactant to obtain 
a BDE energy for n = 5 in the same way that we modeled the n = 6 and 5 cross sections 
above, Tables 3.5 and 3.6. That is, we treat the n -  3 and n -  4 product cross sections as if 
they were the primary and sequential dissociation products, respectively. Because our 
pressure dependent studies of the n = 8 system only extended down to the n = 5 product, 
the high pressure data shown in Figure 3.4a is necessarily modeled. This quaternary 
sequential fit yields a BDE for n = 5 of 1.22 ± 0.16 eV assuming a (5,0) reactant and 1.28 
± 0.17 eV assuming a (4,1) reactant, see Figure 3.8b. Again, a more realistic value in this 
system is probably about 0.2 eV lower. We must also consider that as the pressure 
increases, the relative threshold energy decreases. This is because increased pressure 
more severely affects the higher energy product channels such that their thresholds are 
more shifted relative to the lower energy product channels. For n = 8 dissociating to form 
n = 6 and 5, relative threshold energies obtained at high pressure were ~0.4 eV lower 
than the zero pressure relative thresholds. Including these two correction factors (-0.2 
eV, +0.4 eV) increases the thresholds from the (5,0) and (4,1) products by 0.2 eV to 1.4 ± 
0.2 eV and 1.5 ± 0.2 eV, respectively.
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As the complex size decreases, the BDEs increase because the charge o f the metal 
is shared over fewer ligands. This trend is visible in Figure 3.9 as the energy between 
apparent thresholds for water loss increases, going from n = 9 to 5. At n = 9 and 10, the 
difference in BDE is quite small. This is indicative of the formation of a third solvent 
shell, where the dominant electrostatic force is hydrogen bonding rather than bonding 
from the Cu center. Experimental values for both n = 5 and 6 are larger than the range of 
theoretical values. That the experimental values from n = 10 to 5 gradually increase 
relative to the theoretical values suggests that the charge separation mechanism is 
becoming increasingly competitive.
Charge separation from n = 8 and 7 reactants results in the formation of [4+3] and 
[3+3] products, respectively. As discussed in the main text, formation of the 
CuOH+(H2O)3 species from sequential decomposition of CuOH+(H2O)4 is lower in 
energy than formation from charge separation of n = 7. This can be seen in Figure 3.4b 
as the onset o f CuOH+(H2O)3 is concomitant with the rapid decline in the CuOH+(H2O)4 
cross section. Indeed, the CuOH+(H2O)3 threshold is ~ 0.6 eV higher in energy than the 
threshold for CuOH+(H2O)4, which agrees well with the previously measured value for 
loss of H2O from CuOH+(H2O)4 of 0.59 ±0.07 eV.27 This agreement suggests that the 
energy o f the Coulomb barrier released to charge separation products after passing over 
the tight transition state (~1.6 eV) goes mainly into translation and is largely unavailable 
to internal modes, such that an additional 0.6 eV above the barrier is needed for 
CuOH+(H2O)4 to sequentially dissociate to form CuOH+(H2O)3 . For completeness, the 
theoretical PES for dissociation o f the n = 7 complex by water loss and charge separation 
is shown in Figure 3.10.
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Table 3.1: Relative Calculated Enthalpy (AH0) and Free Energies (AG298) in kJ/mol of Cu2+(H2O)„ Isomers"
n name literature6 MP2(full) M06 B3LYP B3P86
4 (4,0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
(3,1) 59.2 (65.8) 58.2 (64.9) 48.6 (55.2) 49.4 (56.0)
5 (5,0) 0.0 (0.0) 0.0 (0.0) 10.2 (6.8) 12.1 (8.7)
(4,1)_AA 3.0 (6.4) 0.0 (3.4) 0.0 (0.0) 0.0 (0.0)
6 (4,2)_2AAcis-twist 6AI (0) 0.8 (0.0) 0.0 (0.0) 0.0 (0.0) 1.2 (0.0)
(4,2)_2AAtrans 6AII (3) 0.0 (2.1) 0.6 (3.5) 1.2 (4.1) 0.0 (1.7)
(5,1)_AA 6B (9) 4.4 (2.3) 5.9 (4.6) 16.1 (14.8) 16.7 (14.2)
(4,2)_2AAcis-flat 5.7 (5.5) 5.7 (6.3) 6.7 (7.3) 6.1 (5.5)
(6,0) 6C (22) 11.7 (7.8) 13.4 (10.3) 37.7 (34.6) 40.6 (36.3)
(5,1)_AAaxial 15.8 (13.0) 17.3 (15.3) 26.7 (24.7) 27.4 (24.2)
7 (4,3)_3AA 7A (0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
(5,2)_2AAcis 7B (11) 5.5 (2.8) 7.6 (4.9) 16.9 (14.2) 18.3 (15.6)
(5,2)_2AAtrans 10.3 (8.5) 9.7 (7.9) 18.1 (16.3) 18.5 (16.7)
(4,2.5,0.5)_AA,AD_AA 23.5 (19.6) 28.0 (24.1) 20.1 (16.2) 20.4 (16.5)
(6,1)_AA 7C (38) 26.7 (22.3) 27.8 (23.4) 45.7 (41.3) 48.2 (43.8)
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Table 3.1 Continued
n name literature6 MP2(full) M06 B3LYP B3P86
8 (4,4)_4AA 8A (0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
(5,3)_3AA 8B (21) 15.9 (19.0) 15.2 (18.7) 22.4 (25.9) 22.2 (25.7)
(5,3)_2AA,AAax 18.5 (19.0) 21.3 (21.8) 27.1 (27.6) 27.9 (28.4)
(6,2)_2AA 8C (40) 29.0 (21.1) 31.9 (24.0) 49.3 (41.4) 51.8 (43.9)
(4,3.5,0.5)_2AAcis,AD_AA 26.1 (27.2) 30.8 (31.9) 21.5 (22.6) 21.3 (22.4)
(4,3.5,0.5)_2AAtrans,AD_AA 29.4 (30.6) 34.8 (36.0) 25.7 (26.9) 25.5 (26.7)
(5,2.5,0.5)_AAD,AA_AA 30.1 (35.1) 33.4 (38.4) 29.4 (34.4) 40.2 (45.2)
(5,2.5,0.5)_AD,AA_AA 37.2 (38.6) 40.7 (42.1) 39.9 (41.3) 40.2 (41.6)
n name literature6 MP2(full) M06 B3LYP B3P86
9 (4,4,1)_3AA,AAD_A 5.0 (0.0) 4.3 (0.0) 0.0 (0.0) 0.0 (0.0)
(5,4)_4AA 0.0 (2.8) 0.0 (3.5) 9.1 (16.9) 11.2 (19.0)
(4,4.5,0.5)_3AA,AD_AA 9.1 (9.7) 12.2 (13.5) 5.8 (11.4) 7.1 (12.7)
(5,4)_3AA,AAax 8.7 (11.9) 8.3 (12.2) 16.4 (24.6) 18.0 (26.2)
(5,4)_3AA,A 22.4 (22.9) 23.4 (24.6) 27.4 (32.9) 28.7 (34.2)
(5,4)_2AA,AAD,AA 17.8 (24.4) 18.0 (25.3) 26.1 (37.7) 27.5 (39.1)
50
Table 3.1 Continued
n name literatureb MP2(full) M06 B3LYP B3P86
(6,3)_3AA 23.0 (27.7) 24.1 (29.5) 40.6 (50.3) 43.4 (53.1)
(4,4,1)_2AD,2AA_AA 30.3 (32.3) 36.0 (38.7) 23.6 (30.6) 24.3 (31.3)
(4,4,1)_2AD,AA_2AA 33.0 (33.3) 39.8 (40.8) 25.3 (30.6) 26.4 (31.7)
(4,3.5,1.5)_2AD,AAD_2AA 42.0 (41.1) 41.5 (41.3) 36.0 (40.1) 37.6 (41.7)
10 (4,4,2)_2AA,2AAD_2A 10A (0) 5.2 (0.0) 4.6 (0.0) 0.0 (0.0) 0.0 (0.0)
(5,4,1)_4AA_A 10B (10) 2.2 (3.7) 2.2 (4.3) 10.8 (17.5) 13.5 (20.2)
(4,5,1)_3AA,2AD_AA 7.0 (8.5) 11.0 (13.1) 5.4 (12.1) 6.9 (13.6)
(5,4.5,0.5)_3AA,AD_AA 0.0 (9.8) 0.0 (10.4) 12.9 (27.9) 15.6 (30.6)
(6,4)_4AA 10C (32) 10.7 (12.9) 10.3 (13.1) 35.1 (42.5) 43.7 (51.1)
(5,5)_3AA,AD2,AA2 10.3 (15.4) 13.3 (19.0) 22.2 (32.5) 25.3 (35.6)
(4,5,1)_2AD,2AA_2AA 14.4 (16.3) 20 (22.8) 13.6 (21.0) 15.5 (22.9)
(5,5)_4AA,A 6.6 (20.7) 9.6 (24.3) 18.6 (37.9) 22.1 (41.4)
a AG298 values given in parentheses. Single point energies calculated at the level shown using a 6-311+G(2d,2p) basis set with 
geometries, zero point energy corrections (scaled by 0.989), and thermal corrections calculated at the B3LYP/6-311+G(d,p) 
level of theory. Ground isomers indicated by bold. b Results from ref. 18 calculated at the B3LYP/LACV3P**++ level.
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Table 3.2: Optimized Param eters of Eqs 3.3 and 3.4 from Analysis of CID Cross Sections"







8 (4,4) (4,3) 71 (4) 0.9 (0.1) 0.99 (0.08) 0.76 (0.03) 50 (5)
(4,4) (4,3)d 69 (4) 0.9 (0.1) 0.76 (0.03) 47 (5)
(4,2)d 43 (8) 1.83 (0.05)
(4,4) (4,3) 73 (8) 1.0 (0.1) 0.76 (0.11) 50 (5)
TS[4+3] 39 (22) 0.75 (0.13)
(4,4) (4,3)e 71 (6) 0.8 (0.1) 0.73 (0.04) 50 (3)
(4,2)e 74 (13) 1.78 (0.04)
TS[3+3f 15 (14) 1.68 (0.03)
9 (4,4,1) (4,4) 122 (3) 0.8 (0.2) 1.06 (0.08) 0.52 (0.06) 3 (5)
(4,4,1) (4,4)d 127 (5) 0.8 (0.2) 0.50 (0.04) 3 (5)
(4,3)d 62 (6) 1.31 (0.06)
(4,4,1) (4,4)e 127 (5) 0.8 (0.2) 0.50 (0.07)
(4,3)e 62 (7) 1.27 (0.11)
TS[4+3f 59 (20) 1.23 (0.13)
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Table 3.2 Continued







10 (4,4,2) (5,4) 107 (8) 1.0 (0.1) 0.89 (0.07) 0.39 (0.06) 18 (4)
(4,4,2) (4,4,1) 103 (11) 1.0 (0.1) 0.96 (0.07) 0.51 (0.07) 40 (4)
(4,4,2) ,4,(4,)+(,4)(5, 104 (9) 1.0 (0.1) 0.37 (0.05) 40 (4)
(4,4,2) (4,4,1)d 101 (11) 1.1 (0.1) 0.49 (0.03) 40 (4)
(4,4)d 72 (10) 0.99 (0.04)
a Uncertainties (one standard deviation) in parentheses. Thresholds obtained using single channel modeling of eq. 3 unless 
otherwise noted. b Parameters for modeling where lifetimes effects are taken into account. c Threshold values for modeling 
where lifetime effects are not included. d Sequential dissociation modeling using eqs. 3.3 and 3.4. e Sequential competitive 
dissociation modeling using eqs. 3.3 and 3.4. TS[3+3] and TS[4+3] = transition state to charge separation products (number of 
waters in each fragment). f  Composite modeling using eq 3.3 and a difference in thresholds for the (5,4) and (4,4,1) isomers 
given by the MP2(full) theoretical results.
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Table 3.3: Com parison of Experim ental 0 K  Bond Energies (kJ/mol) to Theoretical Values"
n= reactant product Experiment6 MP2(full)c M06 c B3LYPc B3P86c Literature^
7 (4,3) (4,2) 101.3 ± 2.9 90.8 (100.1) 97.8 (100.9) 90.3 (93.5) 95.3 (98.6) 116
(4,3) TS[3+3] (106.5) (95.2) (74.1) (74.3)
(4,3) [3+3f (-48.0) (-70.1) (-88.4) (-87.7)
8 (4,4) (4,3) 73.3 ± 3.9 86.4 (95.3) 93.0 (96.0) 85.4 (88.5) 87.3 (90.4) 99
TS[4+3] 72.4 ± 12.5 (124.5) (110.5) (92.0) (86.0)
(4,4) [4+3f (-22.9) (-44.4) (-64.5) (-65.1)
9 (4,4,1) (4,4) 50.2 ± 5.8 54.0 (64.7) 62.1 (64.0) 60.4 (63.5) 63.6 (66.9)
10 (4,4,2) (4,4,1) 49.2 ± 6.6 48.7 (62.3) 60.2 (62.1) 57.1 (61.2) 60.1 (64.4)





11.6 (12.5) 10.3 (12.1)
1  ^ rs C o • 1
11.1 (12.9)
indicated level using a 6-311+G(2d,2p) basis set and B3LYP/6-311+G(d,p) geometries and zero point energies. Bond 
dissociation energies from Berces et al.20 e [m + 3] = products of charge separation mechanism (number of waters in each 
fragment). ^Mean absolute deviations from experimental BDEs excluding charge separation. g Mean experimental uncertainty.
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Table 3.4: Conversion of 0 K  Thresholds to 298 K  Enthalpies and Free Energies (kJ/mol)fl
n reactant product b0H0
<
AH298 - AH0C AH298 TAS298C AG298
7 (4,3) (4,2) 101.3 (2.9) 4.6 (0.4) 105.9 (2.9) 43.7 (1.0) 62.2 (3.1)
8 (4,4) (4,3) 73.3 (3.9) 2.3 (0.4) 75.6 (3.9) 40.0 (1.1) 35.6 (4.0)
(4,3) TS[4+3] 72.4 (12.5) 5.6 (0.4) 77.9 (12.5) 64.7 (1.5) -13.8 (12.6)
9 (4,4,2) (4,4) 50.2 (5.8) 1.5 (0.5) 49.7 (5.8) 27.0 (1.0) 24.6 (5.9)
10 (4,4,2) (4,4,1) 49.2 (6.6) 1.9 (0.5) 51.1 (6.6) 38.5 (1.1) 12.7 (6.7)
(4,4,2) (5,4) 37.6 (5.8) 0.0 (0.5) 37.6 (5.8) 30.6 (1.5) 7.0 (6.0)
a Uncertainties in parentheses. b Experimental values from this work (Table 3.3). c Values are calculated from the vibrational 
frequencies and rotational constants calculated at the B3LYP/6-311+G(d,p) level using ground isomers indicated by MP2(full) 
single point energy calculations. Uncertainties are found by scaling the frequencies up and down by 10%.
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Table 3.5: Optimized Parameters of Eqs 3 and 4 from Analysis of CID Cross 
Sections"





,0)(5,5 (4,0) 3 (15) 1.7 (0.2) 1.42 (0.2)
(4,1) (4,0) 3 (15) 1.7 (0.2 1.48 (0.2)
6 (4,2) (5,0) 41 (16) 0.4 (0.2) 1.32 (0.2)
(4,2) (4,1) 42 (16) 0.4 (0.2) 1.29 (0.2)
a Uncertainties (one standard deviation) in parentheses. Thresholds obtained using single 
channel modeling of eqs 3.3 and 3.4. b Parameters for modeling where lifetime effects are 
taken into account. c Relative energy from sequential modeling of the quaternary product. 
d Relative energy from sequential modeling of the tertiary product.
Table 3.6: Comparison of Experimental 0 K Bond Energies (kJ/mol) to Theoretical Values"
n= reactant product Experimentb MP2(full)c M06 c B3LYPc B3P86c
5 (5,0) (4,0) 137± 1 9 d 106.6 (117.4) 113.9 (117.8) 99.0 (102.4) 101.6 (105.1)
(4,1) (4,0) 143 ± 19 d 104.5 (114.4) 114.3 (117.8) 109.1 (112.5) 113.7 (117.2)
6 (4,2) (5,0) 127± 1 9 e 95.5 (105.1) 106.2 (109.4) 110.8 (114.1) 116.8 (120.2)
(4,2) (4,1) 124± 1 9 e 98.5 (108.0) 106.2 (109.4) 100.6 (103.9) 104.7 (108.1)
a Theoretical values with (and without) BSSE corrections. b Values from Table 3.1. c Single point energies calculated at the 
indicated level using a 6-311+G(2d,2p) basis set and B3LYP/6-311+G(d,p) geometries and zero point energies. d Thresholds 
obtained from sequential modeling of the quaternary dissociation from n = 8. e Thresholds obtained from sequential modeling 
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Figure 3.1: Low-lying isomers of Cu2+(H2O)„ optimized at the B3LYP/6-311+G(d,p) 
level. 298 K ground states are shown on the left. All but (3,1), (5,2), and (5,3) are 0 K or 
298 K ground isomers at some level of theory, Table see 3.1.
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AD
Figure 3.2. Hydrogen bonding motifs exemplified by the (4,3.5,1.5)_2AD,AAD_2AA 
complex: AA = double acceptor; AAD = double acceptor donating a hydrogen bond; AD 
= acceptor and donor. Note that the AA water to the right binds both a first and second 
shell ligand leading to its 0.5 designation. Center atom = copper; red (larger atoms) = 
oxygen; white (smaller atoms) = hydrogen.
Frequency (cm'1)
Frequency (cm' )
Figure 3.3. IRPD spectra at 215 K of O’Brien et al.18 compared to theoretical spectra in the present work for Cu2+(H20)„, 
where n = 8 (part a), 9 (part b), and 10 (part c). Theoretical frequencies in the free-OH (above -3550 cm'1) and bonding-OH 
(below -3550 cm '1) regions have been scaled by 0.959 and convoluted over Gaussian linewidths of 10 and 50 cm '1, 
respectively, to produce the theoretical spectra. Intensities in the bonding-OH regions have been scaled down by the factors 
shown. The top theoretical panels in all parts show the lowest energy isomers predicted by all levels at 298 K.
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a) Voltage ( V, Lab )
5 10 15 b) Voltage ( V, Lab )5 10 15
c) Voltage ( V, Lab ) 10 15
Energy ( eV, CM )
Figure 3.4. CID cross sections for the sequential water loss (lines) and charge separation 
processes (symbols) for Cu2+W8 (part a) and Cu2+W9 (part b), where W = H2O, colliding 
with 0.2 mTorr of Xe as a function of energy in the laboratory (upper x-axis) and center- 
of-mass (lower x-axis) frames. In part b, black points show the total cross sections for the 
charge separation channels (otot-CS). Part c shows the CID cross sections for sequential 
water loss (symbols) from Cu2+(H2O)1 0 . The uppermost black line in all parts shows the 
total cross section for all products (otot).
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a) Voltage ( V, Lab)
1 2 3
b) Voltage ( V, Lab)
2 3
Voltage ( V, Lab) Voltage ( V, Lab)
Figure 3.5: Zero pressure extrapolated cross sections for the CID of Cu2+(H20)„ with Xe for 
n = 8 -  10 (parts a -  f). Solid lines show the best fits to the primary (circles), secondary 
(triangles), and total (dots) water loss cross sections and charge separation cross sections 
(inverted triangles) using eqs 3.3 and 3.4 convoluted over the kinetic and internal energy 
distributions of the neutral and ion. Dashed lines show the models in the absence of 
experimental kinetic energy broadening for reactants with an internal energy of 0 K. In part f, 
the relative energy between the (5,4) and (4,4,1) products is set to 0.05 eV. Optimized 
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Figure 3.6: Comparison of experimental (solid symbols) and theoretical (open symbols) 
hydration enthalpies at 0 K for MP2(full), M06, B3LYP, and B3P86 SPEs with 
counterpoise corrections. Experimental value at n = 10 includes BDEs determined by 
modeling with the (4,4,1) product and (5,4) product at 0 K.
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Figure 3.7. Theoretical potential energy surfaces for water loss (red lines) and charge 
separation (blue lines) from Cu2+(H20)8. Boxes indicate the range of theoretical values 
calculated. Red and blue circles with uncertainties represent experimental values obtained 
for each reaction channel.
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a) Voltage ( eV, Lab)
2 3 4
b) Energy ( eV, Lab) 
10 15
Figure 3.8: Cross sections for the CID of Cu2+(H2O)8 with Xe to form a) Cu2+(H2O)6 and 
Cu2+(H2O)5 and b) Cu2+(H2O)5 and Cu2+(H2O)4. Solid lines show the best fits to the 
primary (circles) and secondary (triangles) cross sections using eqs 3.3 and 3.4 
convoluted over the kinetic and internal energy distributions of the neutral and ion. 
Dashed lines show the models in the absence of experimental kinetic energy broadening 
for reactants with an internal energy of 0 K. Optimized parameters for these fits are 
found in Table 3.5.
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n
Figure 3.9: Comparison of experimental (solid symbols) and theoretical (open symbols) 
hydration enthalpies at 0 K for MP2(full), M06, B3LYP, and B3P86 SPEs with 
counterpoise corrections. Experimental value at n = 10 includes BDEs determined by 
modeling with the (4,4,1) product and (5,4) product at 0 K. Experimental value at n = 6 
comes from modeling the tertiary sequential dissociation using both the (5,0), and (4,1) 
isomer at 0 K. Experimental value at n = 5 comes from modeling the quaternary 
sequential dissociation using both the (5,0), and (4,1) isomer at 0 K.
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Figure 3.10: Theoretical potential energy surfaces for water loss (red lines) and charge 
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Complexes of CuOH+ (H2 O)n where n = 2-9 are examined using infrared photodissociation spectroscopy 
(IRPD) with frequencies between ~2700 and 3900 cm 1. Structural characterization is achieved through 
comparison between experimental and theoretical spectra. Geometry optimizations and frequency 
calculations are performed on a myriad of possible low-energy structures at the B3LYP/6-311+G(d,p) 
level. Subsequent single- point energy calculations are performed at the B3LYP, B3P86, M06, and MP2 
(full) levels of theory using a 6-311+G(2d,2p) basis set to obtain relative free energies. The IRPD spectra of 
all complexes where n >3 are consistent with structures having a coordination number (CN) of 4 
although broad features in the CuOH+ (H2 O)5  and CuOH+(H2 O) 6 spectra accommodate structures having 
both CN = 4 and CN = 5. For CuOH+(H2O) 7, spectral bands in the free-OH region narrow, revealing fine 
structure that confirms the presence ofboth CN = 4 and CN = 5 isomers. Conformational assignments are 
made on the basis of asymmetric stretching frequencies of free-OH water molecules specific to each CN. 
Relative intensities of these bands are generally in good agreement with relative energies predicted by 
MP2 (full) and not those of the other levels. MP2 (full) and M06 single-point energies for the 4 and 
5-coordinate isomers are typically within 5kJ/mol of each other suggesting possible equilibration 
between the two if isomerization barriers are low.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction
Copper is involved in a w ealth ofbiological processes including 
the activation of many enzymes [1-6] as well as binding to the 
amino acids histidine, m ethionine, and cysteine in order to allow 
absorption through the amino acid transport system [7] . In small 
concentrations, it is essential for life, yet it is highly toxic at 
elevated levels [8]. This toxicity has led copper to be routinely 
monitored in drinking w ater supplies by the U.S. Environmental 
Protection Agency (EPA) [7]. Although Cu2+ is the predominant 
species in the aqueous environments typically found in nature, Cu+ 
and CuOH+ also exist in substantial concentrations [9].
The chemistry of hydrated copper ions has been previously 
investigated and includes studies spanning Cu2+ (H2 O)n [10-12], 
Cu+(H2 O) n [13,14], and CuOH+(H2 O)n [9,12,15]. Shvartsburg and Siu 
found that Cu2+(H2O)n dissociates via either loss of a water 
molecule or charge separation to produce CuOH+ (H2 O)m + H3 O+
* C orresp o n d in g  au th o r. Tel.: +1 510 642  7161; fax: +1 510 742 8369.
** C o rre sp o n d in g  au th o r.
E -m ail addresses: e rw @ berkeley .edu  (E.R. W illiam s), 
a rm en tro u t@ ch e m .u ta h .ed u  (P.B. A rm en trou t).
h ttp ://dx .doi.org /10 .1016/j.ijm s.2014.08 .037  
1 3 8 7 -3 8 0 6 /©  2014 E lsevier B.V. All rig h ts  re served .
(H2 O)n-m-2 . The maximum size at which charge separation is 
competitive w ith simple ligand loss is called the critical size [11,16] 
and was found to be Cu2+ (H2 O)6 . Recent work in our lab showed 
that such observations depend on experimental sensitivity and 
source conditions, w hich prom pted us to redefine the critical size 
as the maximum size at which charge separation is energetically 
m ore favorable than simple ligand loss [16]. The critical size of six 
for Cu2+ is higher than that for m ost other transition metals, which 
is thought to be a result of its exceptionally high 2nd ionization 
energy. The propensity for Cu2+(H2 O)n to revert to a hydroxide 
complex reaffirms the necessity for a full understanding of all 
hydrated copper species. Bryantsev et al. used density functional 
theory in conjunction w ith the COSMO continuum  solvent model 
to characterize the structures and relative energetics of CuOH+ 
(H2 O)n where n =3, 4, 5, 7, and 17 [9]. They found that there was a 
strong preference for a coordination num ber (CN) of 4 until the 
second solvent shell was filled, at which point, CN = 5 was favored. 
Calculated differences betw een CN = 4 and 5 in m ost cases were 
<10 kJ/mol, indicating that the two forms could both be 
populated.
Recently, Marsh et al. used cryogenic ion spectroscopy to probe 
the OH stretch region of CuOH+(H2 O) n complexes tagged w ith D2 
where n = 1-3 [15]. In that study, it was discovered that
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CuOH+(H2 O)n systems have a 4- coordinate inner shell that more 
resembles Cu2 +(H2 O) n [1 0 ] systems than the 2  -coordinate inner 
shells typical of Cu+(H2 O) n systems [14]. Their failure to observe 
clusters larger than CuOH+(H2 O) 3  suggested that the 4 th water 
was weakly bound, w hether axially to copper or in a second solvent 
shell through a hydrogen bonded network. Furthermore, the study 
acknowledges the possible presence of multiple isomers in 
complex sizes as small as CuOH+(H2 O) 2  because of the broadness 
of two characteristic asymmetric OH stretching bands in that 
spectrum.
Experimental data for CuOH+ (H2 O)n w ith n >3 have yet to be 
reported, which leaves the behavior of CuOH+ in the presence of 
second and third hydration shells uninvestigated. Such systems 
provide solvent effects more akin to those found in biological 
systems. To address this issue, the present work uses infrared 
photodissociation (IRPD) spectroscopy to probe the structures of 
these larger systems up to n = 9. This technique has been 
successfully employed by Williams and co-workers to characterize 
the solvation of Cu2 +(H2 O)n w here n = 6 - 1 2  as well as a variety of 
o ther metal complexes including those of Mg2+, Ca2+, Ba2+, Mn2+, 
Fe2+, Co2+, and Zn2+ [10,17-22]. As in the previous studies, 
structures of the complexes are identified by comparing the IRPD 
spectra w ith spectra calculated at the B3LYP/6-311+G(d,p) level. 
Relative energies determ ined at the B3LYP, B3P86, M06, and MP2 
(full) levels of theory are used to consider which structures are 
likely to be populated.
2. Experimental section
2.1. Mass spectrometry
Experiments were performed using a home-built 2.7 T Fourier- 
transform ion cyclotron resonance (FT-ICR) mass spectrom eter at 
UC Berkeley. Distributions of CuOH +(H2 O)n were created by 
nanoelectrospray ionization (ESI) of 4mM  aqueous solutions of 
CuSO4  (Fisher Scientific, Waltham, MA) using borosilicate capillar­
ies pulled to an inner diam eter of ~1 mm. These complexes were 
introduced into the mass spectrom eterw here they were trapped in 
a cylindrical ion cell encompassed by a copper jacket set to a 
tem perature of either 450 (n = 2), 290 (n = 3), 210 (n = 4 and 5), or 
130 (n = 6-9) K to maximize the abundance. The copperjacket was 
allowed to equilibrate for at least 8  h prior to the experiments. Ions 
were accumulated in the cell for 4 -6  s, and during that time, dry N2 
gas (~10- 6 Torr) was pulsed into the vacuum chamber to enhance 
trapping and thermalization of the ions using a piezoelectric valve. 
A mechanical shutter was subsequently closed to prevent further 
ion accumulation, and residual gases were pum ped out for 6 - 1 0  s, 
resulting in a base pressure of ~10 - 8  Torr prior to ion isolation. The 
complex of interest was isolated using a stored waveform inverse 
Fourier transform (SWIFT) [23].
To obtain IR action spectra, the isolated complexes were 
irradiated using tunable IR light produced by an optical parametric 
oscillator/amplifier (OPO/OPA) system (LaserVision, Bellevue, WA) 
pum ped by the fundamental ofNd:YAG laser(Continuum Surelight
I-10, Santa Clara, CA) at 10 Hz repetition rate. Laser irradiation 
times were varied from 1 to 30 s to improve the dynamic range and 
signal-to-noise of the IR spectrum. Typically, shorter irradiation 
times (1 -3 s) were used for frequencies in the free-OH stretch 
region (3600-3750 cm -1) of the IR spectrum; otherwise, longer 
irradiation times (5-30 s) were used. All dataw ere acquired using a 
MIDAS m odular data system.
First order photodissociation rate constants (kIR) are calculated 
from the precursor and fragmentation ion abundances and the 
irradiation time. Fragmentation resulting from blackbody infrared 
radiative dissociation (BIRD) is measured in the absence of laser 
irradiation and kBIRD is subtracted from kIR to obtain laser-induced
photodissociation rate constants, klas, w hich are plotted versus 
photon energy to obtain the IR action spectra of the isolated 
precursor ion. All IR spectra are corrected for frequency-dependent 
variations in laser power such that klas has units of W - 1  s-1. This 
method has several advantages over plotting photodissociation 
yields in that intensities can be more directly compared to 
calculated IR absorption spectra and the intensities are readily 
corrected for changes in laser power and the irradiation time used 
[24].
2.2. Computational methods
Electronic structure calculations were performed on complexes 
w ith CN = 4, 5, and 6 . For the smaller systems, n = 2-4, CN = 2 and 3 
structures were also investigated. All structures were optimized at 
theB3LYP/6-311+G(d,p) level [25,26] using theGaussian 09 suite of 
programs [27]. In order to avoid SCF convergence issues and to 
ensure that the lowest energy isomers were found, each structure 
was optimized four times w ith increasingly tighter SCF criteria and 
increasingly complex basis sets. Frequency calculations were 
performed after the final optimization and were compared to the 
experimental spectra by broadening each vibrational band using a 
Gaussiandistribution. Gaussian line shapes of15 or 10 cm - 1  FWHM 
were usedforthefree-OHstretchregionofCuOH+(H 2 O)2 -g,whereas 
line shapes of 50 cm - 1  were routinely used for the hydrogen 
bonded-OH region. These values are similar to those used in 
previous reports on Cu2+ and Zn2+ hydration [10,21]. Furthermore, 
the intensities of vibrations in the hydrogen bonded-OH region are 
generally reduced as specified in each figure.
All vibrational frequencies are scaled by 0.956, which has been 
shown to provide good agreem ent w ith experimental IR spectra in 
the free OH region [10,21,28]. In a previous study of Zn2 +(H2 O)n, 
w here n = 6-12 [29], we have shown that vibrational frequencies 
obtained from a variety of levels of theory including B3LYP, 
BHandHLYP, and MP2(full) each using 6-311++G(d) and 6-311+G 
(2d,2p) basis sets were effectively identical. Relative energies of 
the different isomers were calculated using single point energies 
(SPE) at the B3LYP, B3P86 [30], MO6  [31], and MP2(full) [32] levels. 
These energetics include zero-point energy (ZPE) corrections to 
yield 0 K values as well as therm al corrections to the source 
tem perature needed to achieve optimum signal intensity for each 
complex size. These corrections used the calculated frequencies 
scaled by 0.989, which was determ ined by Bauschlicher and 
Partridge to give accurate ZPE corrections at the B3LYP/6-311+G 
(3df,2p) level [33].
3. Results and discussion
3.1. IR action spectra
3.1.1. overview
Infrared action spectra from ~2700 to 3900 cm - 1  for 
CuOH+(H2 O)2 - 9  are shown in Fig. 1. Common to all spectra is an 
intense feature in the range of ~ 3600-3700cm -1. Comparison to 
previously reported IR action spectra indicates that this feature 
corresponds to the symmetric and asymmetric stretching motion 
of O—H bonds not involved in hydrogen bonding, hereafter 
referred to as free- OH stretches. The relative intensity of these 
free-OH features gradually increase w ith complex size. At smaller 
complex sizes, the frequencies of these stretching motions are 
significantly red-shifted from their counterparts in isolated H2 O 
(3649 cm - 1  and 3731 cm-1, respectively) because of partial 
electron transfer to the copper cation, which weakens the O—H 
bond. As the complex size increases, electron transferis distributed 
over more w ater molecules and the free-OH modes shift to the 
blue.
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Common to the spectra of n > 4 is a  low intensity band to the red 
of the main free-OH peak, which maintains its intensity relative to 
the main peak throughout. In addition, these spectra all exhibit 
broad, low-intensity features betw een ~3000 and 3600 cm -1. 
Comparison to previously reported IR action spectra [21] indicates 
that these features correspond to the stretching m otion of 
hydrogen- bonded w ater molecules, hereafter referred to as 
bonded-OH stretches. Both n = 4 and 5 exhibit distinct peaks near 
3100 and 3350 cm-1, features absent in smaller complexes. For 
larger complexes, the relative intensity of the higher frequency 
band increases w ith complex size, while the lower frequency band 
maintains a similar relative intensity.
The smallest complex, n = 2, exhibits a single broad peak around 
3600 cm - 1  that can only correspond to the free-OH stretching 
motions of the copper-bound w ater molecules as well as the 
stretching motion of the OH ligand. This peak in the next largest 
complex, n = 3, is significantly blue-shifted from n = 2 and is 
broader. As the complexes grow in size, the maximum num ber of 
w ater molecules that can directly bind to copper is reached and 
w ater molecules begin to populate the second solvent shell. The 
binding of these second shell w ater molecules affects the spectrum 
in two ways. First, it quenches the free-OH stretching motions of 
the copper-bound w ater ligands involved. This interaction red- 
shifts those free-OH frequencies into the bonded-OH regionwhich
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begins to take shape at n = 4. Second, the free-OH stretching 
motions of the second-shell w ater molecules blue shift from their 
first-shell counterparts because of their greater distance and 
enhanced shielding from the copper center.
At n = 7, the second solvent shell for a square-planar complex 
can be completely full. The resulting structural symmetry 
introduces degeneracy to the vibrational motions, thereby 
narrowing the bandwidth in the free-OH region. Indeed, this 
effect is reflected in the spectrum of n = 6-9, analyzed more 
completely below.
We identify the possible origins of all of the aforementioned 
peaks and discuss their role in characterizing the experimental 
spectra in the following sections. At each complex size, we 
investigated the spectra of many low- energy isomers not shown in 
the figures, including all those listed in Table 1 as well those with 
relative energies too high to list there. None of these additional 
spectra showed better agreement w ith the experimental results. 
Included in these comparisons were 4, 5, and 6 -coordinate species, 
although most calculations o f 6 - coordinate species collapsed into 
one of the 5-coordinate geometries.
3.1.2. Theoretical geometries o f CuOH +(HO)„
The free energies calculated at 450K (n = 2), 2 9 0 K (n = 3), 210 K 
(n = 4 and 5), and 130 K (n = 6-9) are given in Table 1 for the low 
energy isomers ofCuOH+(H2 O)n (values at 0 K are given inTableS1 of 
the Supporting Information). In most cases, the lowest energy 
structure is not the same across all fourlevels oftheory. The density 
functional theories, B3LYP and B3P86, show similar relative 
energies and assign the same ground structure except for n = 3 
and 4. Compared to these DFTapproaches, MP2(full) generally has 
different relative energies, but w ith the exception o fn = 5, 6 , and 9, 
predicts the same ground structures. M06 falls somewhere in 
between, generally agreeing w ith MP2(full) (n = 2 -6  and 9), 
sometimes agreeing w ith B3LYP or B3P86 (n = 2-4), and sometimes 
providing a unique assignment of the ground structure(n = 7 and 8 ).
Included in this comparison are the structures found by 
Bryantsev e t al. at n = 3, 4, 5, and 7 at the B3LYP/6-311++G(d,p) 
level of theory w ith the LACV3P basis used for Cu. These structures 
were reoptimized at the same level of theory used here. For n = 3 
and 7, the lowest energy structure found by Bryantsev et al. was 
also the ground isomer located here at m ost levels of theory. For 
n = 4 and 5, w e located isomers that were lower in energy than the 
Bryantsev structures although nearly identical in structure such 
that their spectra are indistinguishable from the Bryantsev 
isomers. As a result, only one ofth e  two spectra is shown although 
energies for both isomers are included in Table 1.
To ease the burden of describing unique structures, an (x, y, z ) 
nomenclature will be used w here x, y, and z  equal the num ber of 
w ater molecules in the first, second, and third solvent shells, 
respectively, such that CN= x +1. To further distinguish each 
structure and provide a systematic naming scheme, the hydrogen 
bonding of second and third solvent shell w ater molecules are 
denoted outside of the parentheses using the A= acceptor and 
D = donor nomenclature established in Fig. 2. W ater molecules in 
the same solvent shell are separated by commas whereas w ater 
molecules in different solvent shells are separated by underscores. 
Hydrogen bonding to the OH is indicated by a subscript. Instances 
w here a single w ater molecule participates in hydrogen bonding 
w ith multiple solvent shells are indicated by a subscript detailing 
the shell involved w hen it differs from that for most other w ater 
ligands.
3.1.3. Comparison to theory
3.1.3.1. n = 7. We start w ith the n = 7 spectrum because this is one 
of the easier spectra to interpret definitively and it lays the
Fig. 2. H ydrogen  b o n d in g  m o tifs  exem plified  by th e  (3,4,1)_2ADoh,AAD,AA_A 
co m p lex : A = sing le acceptor, AA = d ou b le  acceptor, DD = d o u b le  donor. O range = 
c o p p e r (c en tra l a to m ), re d  = oxygen, w h ite  = hydrogen .
foundations for appreciating the level of detail that is available in 
the lower frequency bonded-OH region of the spectra. Theoretical 
spectra for both 4 and 5-coordinate structures are shown 
underneath the experimental spectrum of CuOH+(H2 O) 7  in 
Fig. 3 . The main peak for this experimental spectrum is a sharp 
band at 3710 cm-1, which is reproduced w ith high fidelity by the
(3,4)_2ADoh,2AA structure, the smallest complex that can contain 
a complete second shell o fw ater ligands and the ground structure 
at all levels of theory, except M06 (Table 1). This peak corresponds 
to the in/out-of-phase naSym motions of the AD w ater molecules as 
well as those of the AA w ater molecules 10 cm - 1  lower in 
frequency. This theoretical spectrum also reproduces the relative 
intensity and position ofanothersm all feature in the experimental 
spectrum located at 3650 cm-1, which corresponds to the OH 
stretch. In the free OH region of the experimental spectrum, this 
leaves a small feature red-shifted from the main peak by ~30 cm - 1  
that is not reproduced in the theoretical spectrum  of the (3,4) 
complex. However, this feature is consistent w ith the 5-coordinate 
complex, (4,3) _AA2 Doh,ADoh,AD2 , which exhibits a strong peak 
at this frequency. (Here, the subscript 2 indicates that the 
donor/acceptor interaction is w ith a second shell water 
molecule rather than a first shell w ater molecule.) This peak 
comprises seven nasym motions including those of the AA2 D0 H 
w ater molecule, the AD2  w ater molecule, the OH, and the only free 
w ater molecule in the first shell.
The magnitude of this band relative to that of the main feature 
suggests that this structure is a m inor contributor to the 
experimental spectrum. Given that the bands o fth e  two structures 
have similar predicted intensities, the experimental relative 
intensity ratio of ~ 3 /l is consistent w ith a relative free energy 
difference of l.2kJ/mol at 130K. Because overlap of the bands has 
not been considered and intensities ofIRPD experiments need not 
m atch those of the calculated single photon spectra, there is 
significant uncertainty in determ ining relative isomer populations 
from spectral intensities. Nevertheless, it is clear that this relative 
intensity matches the predictions of the relative energies of the 
two structures found by MP2 theory (which predicts a ratio of 7/1) 
and not that of the DFT results (B3LYP and B3P86), where the 
population of the (4,3) structure is negligible, nor that of M06, 
w hich predicts an inverted population ratio. The ability of MP2
M odel
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T ab le  1
Relative ca lcu la ted  free  en e rg ies  (kJ/m ol) a t  th e  a p p ro p ria te  e x p e rim e n ta l te m p e ra tu re  o f CuOH+(H2O)n-a
5
Com plex S tru ctu re M P2(full) M 06 B3LYP B3P86
CuOH+(H2O)2 (2,0) 0.0 0.0 0.0 0.0
(1,1)_At 57.1 28.6 21.9 24.2
(1,1 )_Aoh b 45.1 42.3 46.1
(1,1)_Ac 57.6 29.2 22.4 24.8
CuOH+(H2O)3 (3,0)* 0.0 0.0 1.1 0.0
(3,0)CS 4.8 2.1 2.5 0.7
(2,1) AA 33.5 6.5 0.0 4.0
(2,1)_A 43.0 19.0 7.2 11.1
CuOH+(H2O)4 (3,1)_AA* 0.0 (3.1) 0.0 (3.1) 0.0 (3.2) 4 .8  (1.7)
(4,0)* 3.0 1.5 1.7 0.7
(3,1)_ADoh* 3.4 1.8 1.4 0.0
(3,1)_AAoh 13.4 9.7 3.7 10.7
CuOH+(H2O)5 (4,1)_AADoh* 0.0 (2.7) 0.0 (0.0) 10.0 (12.7) 8.3 (11.0)
(3,2)_ADoH,trans-AA* 2.1 2.4 0.0 0.0
(3,2)_ADoH,cis-AA 2.2 4.0 1.2 0.8
(3,2)_2ADoh 11.0 14.1 9.9 7.9
(3,2)_2AA 11.2 6.0 5.8 9.8
(4,1)_AA 11.2 9.8 18.2 19.9
(3,2)_AA,A 19.9 14.6 10.5 13.8
CuOH+(H2O)6 (4,2)_2AADoh 0.0 0.0 12.0 9.2
(4,2)_AADoh,AA 2.9 5.5 10.7 12.1
(4,2)_AADoh,ADoh 4.4 6.9 12.1 10.4
(3,3)_2ADoh,AA 4.9 11.3 0.0 0.0
(3,3)_2AA,ADoh 6.7 11.0 0.4 3.4
(4,2)_AADoh,AAc 8.7 13.9 19.1 21.0
(3,3)_ADoh,AAoh,AA 10.2 17.5 4.4 7.6
(4,2) _AAD oh,AAoh 12.2 11.9 16.3 17.4
(3,3)_ADoh,AAD,AA 13.1 15.2 12.6 15.5
(3,3)_2ADoh,AAD 18.8 23.0 18.7 19.0
CuOH+(H2O)7 (3,4)_2ADoh,2AA* 0.0 2.5 0.0 0.0
(4,3)_AA2Doh,ADoh,AD2* 2.1 0.0 15.9 13.7
CuOH+(H2O)8 (3,4,1)_AAsDoh,ADoh,AADs ,AA_AD 0.0 1.5 0.0 0.0
(4,4)_AAD oh,AD oh,AAD,AD 2.0 4.0 14.9 14.8
(4,4)_AA2Doh,AADoh,AD2,AD 2.9 4.0 12.3 10.7
(4,4)_AA2Doh,AADoh,AD3x,AD2 3.2 4.4 13.4 11.8
(4,4)_2AADoh,2AD ax 4.2 5.3 13.4 12.0
(5,3)_2AADoh,AAoh 4.4 3.7 20.3 20.7
(5,3)_2AADoh,AD 5.3 1.9 26.7 25.6
(4,4)_2AADoh,2AAD 6.3 4.8 24.1 23.9
(4,4)_2AADoh,AAohD,AD 8.1 0.0 22.5 21.2
(4,4)_2AADoh,AA,AD 8.4 5.9 22.8 22.6
(4,4)_AADoh,ADoh,AD,A 9.1 16.4 17.8 19.3
(4,4)_2AADoh,ADoh,AAoh 9.3 4.7 21.0 20.9
(4,4)_2AADoh,AAoh,AD 9.3 4.7 21.0 20.9
(4,4)_2AADOH,2AD 11.7 9.0 28.7 29.6
(3,4,1)_2ADoh,AADs ,AA_A 12.5 15.6 5.7 7.5
(3,4,1)_2AA,ADsDoh,ADoh_A 26.5 29.6 18.5 21.5
CuOH+(H2O)9 (3,4,2)_2AAD3,2AAsDoh_AAsD,ADD3 0.0 0.0 7.7 2.1
(3,4,2)_2AAsDoh,2AADs_2AD 16.6 21.1 7.4 4.4
(4,4,1)_2AADoh,AADs ,AAD_A 17.2 34.3 17.9 13.5
(4,5)_AA2Doh,ADoh,AAD,AD2,AA 17.3 23.5 20.2 18.1
(4,4,1)_AA3Doh,ADoh,AAD3,AA_AD 20.1 27.8 19.0 16.9
(3,4,2)_2AD oH,2AAD3_cis-2A 21.9 27.9 0.0 0.0
(3,4,2)_2AAD3,AA3Doh,ADoh_AAD,A 25.6 30.4 10.5 8.4
(3,4,2)_2AAD oH,2AAD3_trans-2A 39.9 46.1 18.3 18.2
a S ingle p o in t  en e rg ies  ca lcu la ted  a t  th e  level sh o w n  u sin g  a 6-311+G (2d,2p) basis s e t  fo r geo m e trie s , ze ro  p o in t  en e rg y  co rrec tions , a n d  th e rm a l co rrec tio n s  (scaled  by 
0 .989) ca lcu la ted  a t  th e  B3LYP/6-311+G(d,p) level o f th eo ry . * in d ica te  s tru c tu re s  also  lo ca te d  by B ryan tsev  e t  al. [9]. In so m e cases, th e  g ro u n d  s tru c tu re s  id en tified  by 
Bryantsev e t  al. w e re  nea rly  id en tica l to  th o se  id en tified  in  th is  s tu d y (a n d  h en c e  h ad  id en tica l v ib ra tio n a l sp ec tra ) b u t  v a rie d  in  energy . In th o se  cases, th e  e n e rg y  d e te rm in e c  
h e re  o f th e  g ro u n d  s tru c tu re  fo u n d  by B ryan tsev  e t  al. is in  p a ren th ese s . 
b M P2(full) re su lts  fo r (1,1)_Aoh w e re  an o m a lo u s fo r re aso n s th a t  re m a in  u n c le a r  d e sp ite  re p e a te d  c o m p u ta tio n a l ap p ro ach es.
c C om pared  to  th e  lo w er en e rg y  (4 ,2 )_AADoh,AA s tru c tu re , in  th is  s tru c tu re , th e  OH ligand  is ap p ro x im a te ly  in  th e  p lan e  o f th e  m olecu le  as o p p o sed  to  p e rp e n d ic u la r  to  it
theory to provide better predictions of the relative energies of to 3500cm-1 is reasonably reproduced by the (3,4) structure and 
metal w ater complexes has also been observed previously in our corresponds to the in/out-of-phase stretches of waters H-bonded 
study of Zn2 +(H2 O) n complexes [21]. to the OH at the low frequency side and the in/out-of-phase 
In the bonded-OH region, photodissociation is observed down stretches of waters H-bonded to the AA w ater molecules at the 
to about 2900 cm-1. A broad, bimodal feature extending from 3250 high frequency side. A much less intense peak around 3000 cm - 1  in
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Fig. 3 . C om parison  o f th e  e x p e rim e n ta l IRPD s p e c tru m  fo r CuOH+(H2O) 7 a t  1 3 0 K w ith  IR sp e c tra  for lo w -e n erg y  iso m e rs  p re d ic ted  a t  th e  B3LYP/6-311 G(d,p) level. In th e  
th e o re tic a l sp ec tra , th e  b onded-O H  reg ion  is b ro a d e n e d  by 50 cm -1 , an d  th e  free-O H  re g io n  is b ro a d e n e d  by  10 cm -1 . T heore tica l sp e c tra  in  b lu e  (top ) a n d  g re en  (b o ttom ) 
re p re se n t 4 -c o o rd in a te  a n d  5 -c o o rd in a te  sp ec tra , respectively.
the theoretical spectrum signals the location of the in/out-of­
phase stretches of waters H-bonded to the ADoh w ater molecules, 
although it is not obvious w hether this is reproduced in the 
experimental spectrum. Clearly, m inor contributions of the (4,3) 
isomer are also consistent w ith the experimental spectrum in 
this region.
3.1.4. Comparison to theory. Larger complexes
3.1.4.1. n = 8. Four low-energy isomers and their corresponding 
spectra are shown w ith the experimental spectrum of CuOH+ 
(H2 O) 8  in Fig. 4 . As for n = 7, the n = 8 complex retains a sharp peak 
located at ~3710cm -1, suggesting a similar structure. This is 
achieved by the (3,4,1) _AA3 Doh,ADoh,AAD3 ,AA_AD structure, the 
ground complex for MP2, B3LYP, and B3P86. Here, a third solvent
1CuOH+(H2O)8 x 
-  .. .^....x / .....  ^ .... ...........
^  [
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
(3,4,1)_AA3DOH,ADOH,AAD3,AA_AD
_ /10
A * * '
_ (4,4)_AADoh,ADoh,AAD,AD
/ A  /10
“  (4,4)_2a ADoh,AAoHd ,AD '
-  /10 d r '" -










F re q u e n c y  (c m - )
Fig. 4 . C om parison  o f th e  e x p e rim e n ta l IRPD s p e c tru m  fo r CuOH+(H2O) 8 a t  130 K 
w ith  IR sp e c tra  fo r lo w -e n erg y  iso m e rs  p re d ic te d  a t  th e  B3LYP/6-311+G(d,p) level. 
In th e  th e o re tic a l sp ec tra , th e  bonded-O H  re g io n  is b ro a d e n e d  by 50 cm -1 , a n d  th e  
free-O H  re g io n  is b ro a d e n e d  by 10 cm -1 . T h eo re tica l sp e c tra  in  b lu e  (to p ) a n d  g reen  
(b o tto m  th re e )  re p re se n t 4 -c o o rd in a te  a n d  5 -c o o rd in a te  sp ec tra , respectively .
shell w ater molecule has been added to the (3,4)_2ADoh,2AA 
structure found for n = 7 w here it interacts as both a donor and 
acceptor to two second shell ligands. The highest frequency 
vibrations for this structure correspond to nasym stretches of the 
third shell AD molecule as well as the second shell ADoh molecules. 
These are nearly m atched in frequency by nasym motions of the AA 
molecule and the two remaining AAD w ater molecules. The nasym 
motions for n = 8  are slightly less degenerate than those for n = 7 
because the third shell w ater breaks the symmetry of the complex. 
This broadens the main peak in the experimental spectrum, as 
replicated in the theoretical spectrum. The small peak at 
3650 cm - 1  in the (3,4,1) _AA3 Doh,ADoh,AAD3 ,AA_AD spectrum is 
also consistent w ith the shoulder to the red of the main peak in the 
experimental spectrum. Likewise, features in the bonded-OH 
region for this structure are unremarkable but consistent w ith the 
observed spectrum, as well as w ith contributions from other 
possible isomers.
The (4,4) _2AADoh,AAqhD,AD isomer is the M06 ground 
structure, although 8-23kJ/m ol above the (3,4,1) isomer at 
the other levels of theory. The spectrum of this isomer replicates 
the broadness of the main peak, however, the pair of low-intensity 
features at 3610 and 3640 cm - 1  are not apparent in the 
experimental spectrum. The (4,4) _AADoh,ADoh,AAD,AD and
(4,4) _AA2 Doh,AADoh,AD2 ,AD isomers exhibit free-OH spectral 
features (an intense band at ~ 3650cm -1 and a high frequency 
shoulder around 3740 cm -1, respectively) that are not replicated in 
the experimental spectrum. Given relative energies of only 2.0 and 
2.9kJ/mol at the MP2 level, their calculated populations at 130 K 
are only 13 and 6 %, respectively.
3.1.4.2. n=9. The main feature at 3700 cm - 1  in the n = 9 complex 
is similar to that for the n = 7 spectrum, although slightly red- 
shifted, as seen in Fig. 1. One can imagine adding two water 
molecules symmetrically to the (3,4)_2ADoh,2AA structure. B3LYP 
and B3P86 theory suggest this occurs by adding waters in a third 
shell as single w ater acceptors, forming (3 ,4 ,2 )_2 ADoH,2 AAD3 _cis- 
2A, w here the third shell waters are in adjacent positions away 
from the hydroxyl group. The spectrum of this isomer predicts four 
bands spaced by about 30 cm-1, which is clearly inconsistent w ith 
experiment, Fig. 5. If these w ater molecules interact w ith two 
second shell ligands, the (3,4,2) _2 AA3 Doh,2 AAD3 _2 AD structure 
results, where the subscript 3 indicates bonds to a third shell water 
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Fig. 5. C om parison  o f th e  e x p e rim e n ta l IRPD sp e c tru m  fo r CuOH+(H2O) 9 a t 130 K w ith  IR sp e c tra  fo r lo w -e n erg y  iso m e rs  p re d ic ted  a t  th e  B3LYP/6-311+G(d,p) level. In  th e  
th e o re tic a l sp ec tra , th e  bonded-O H  re g io n  is b ro a d e n e d  by  50 cm -1 , a n d  th e  free-O H  re g io n  is b ro a d e n e d  by 10 cm -1. T heore tica l sp e c tra  in  b lu e  (to p  th re e )  a n d  g re en  
(b o tto m ) re p re s e n t 4 -c o o rd in a te  a n d  5 -c o o rd in a te  sp ec tra , respectively.
greatly decreased by allowing the two third shell w ater molecules 
to H-bond to each other across the middle of the complex, giving 
the AA3 D,ADD3  ground complex. The observed spectrum is quite 
consistent w ith this latter structure, w hich also predicts the small 
band observed at ~3610 cm - 1  corresponding to the OH-stretching 
motion. The shoulder on the high frequency side of the main peak, 
as well as some intensity above 3730 cm -1, could indicate 
contributions from other isomers similar to (3 ,4 ,2 ) 
_2 AA3 DOH,2 AAD3 _2 AD, but no other isomers should be 
appreciably populated at 130 K on the basis of MP2 energies. 
Fig. 5 also includes the (4,5) com plexw ith CN = 5, but the spectrum 
predicted for this isomer is clearly not a match for the 
experimental spectrum.
The bonded-OH region is much more intense for n  = 9 than any 
other complex size because it has the m ost outer shell water 
ligands. The observed spectrum  is consistent w ith that predicted 
for the (3,4,2) _2 AAsDoh,2 AAD3 _AAsD,ADD3  structure and not 
suggestive of the (3,4,2) _2 ADoH,2 AAD3 _cis-2 A spectrum. Again 
contributions from other species cannot be ruled out in this region.
3.1.5. Comparison to theory. Smaller complexes
3.1.5.1. n = 6. This is arguably the most peculiar complex size 
because of the unique features in the experimental spectrum, 
which again exhibits the sharp main peak near 3710 cm - 1  but w ith 
a broad shoulder to the red (Fig. 6 ). Spectra from four low-energy 
isomers predicted by theory are also shown for CuOH+(H2 O) 6 . The 
location of the main peak is consistent w ith nasym of AD water 
molecules found in all the low-energy structures. Likewise, 
the broad shoulder to the red m atches the range of frequencies 
for the nasym AA and nasym AD modes in these structures. Clearly, 
there is no one theoretical spectra that reproduces the 
experimental spectrum well, perhaps suggesting a combination 
of low-energy isomers. Certainly, the narrow high frequency part 
of this feature seems m ost consistent w ith the (3,3) _2AA,ADOH 
structure, w hich would m atch the free OH region well if the 
intensity of the band at 3650 cm - 1  were lowered. The broad 
shoulder is consistent w ith contributions from any of the 
low-energy structures. The intensity of the observed band at 
3710 cm - 1  can therefore be attributed either to particularly good
overlap of these various spectra at this frequency or the real 
frequencies of some of the other structures are slightly different 
such that they yield more intensity at this frequency. As MP2  
calculations predict that all of these structures are low-lying 
(within 7 kJ/mol o fthe ground structure), it is feasible that multiple 
isomers are formed for this complex.
In the bonded-OH region, intensity near 3600 cm - 1  is 
consistent w ith nsym of the AA w ater molecules found in most 
of the low-energy structures. The broad band at 3200-3550cm -1 
agrees best w ith that predicted for the (3,3) structures, although 
the (4,2) isomers are also roughly consistent w ith the observed 
intensities, especially w hen shifts associated w ith the anharmonic
§  400-
CuOH+(H2O) 6 U [, , i , , , , , , , , ■ , , ,
(3,3)_2ADOH,AA •  *
/ l  V  / i i . V / j xJ :. . .  I . .'-i I . . .  I . . .  I .
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Fig. 6. C om parison  o f th e  e x p e rim e n ta l IRPD s p e c tru m  fo r CuOH+(H2O) 6 a t  130 K 
w ith  IR sp e c tra  fo r lo w -e n erg y  iso m e rs  p re d ic te d  a t  th e  B3LYP/6-311+G(d,p) level. 
In th e  th e o re tic a l sp ec tra , th e  bonded-O H  re g io n  is b ro a d e n e d  by 50 cm -1 , a n d  th e  
free-O H  reg ion  is b ro a d e n e d  by 15 cm -1 . T h eo re tica l sp e c tra  in  b lu e  ( to p  an d  
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nature ofsuch hydrogen bonds are considered. The lack ofintensity 
near 2900 cm - 1  belies the assignment of appreciable amounts of 
the (3,3) isomers. Such a conclusion is not definitive, however, 
because the laser power and photon energies in this region are low, 
such that experimental intensities are often lower than predicted.
3.1.5.2. n = 5. Spectra for three low energy isomers of 
CuOH+(H2 O) 5  and the experimental spectrum are shown in 
Fig. 7. In contrast to the larger complexes, CuOH+(H2 O) 5  shows a 
much broader band centered at ~3680 cm - 1  in the free-OH region. 
The location of this band is reproduced well by the predicted 
spectrum of the (4,1) _AADoh structure, the MP2 and M06 ground 
structure. The predicted spectrum  of the (3,2)_ADoH,cis-AA 
structure also has a similar width, whereas the (3,2)_ADoh, 
trans-AA structure, the B3LYP and B3P86 ground structure, has a 
distinctive shape inconsistent w ith being the dom inant isomer 
present experimentally. A small peak observed at 3620 cm - 1  is not 
particularly well reproduced by the (4,1)_AADoh structure, 
although this spectrum does show a band at 3600 cm - 1  
corresponding to nSym of the non-hydrogen bonded w ater 
ligand. This small peak agrees better w ith the nasym AA motion 
of the other two low energy structures.
In the bonded-OH region, there are three features including 
broad peaks centered near3130 cm - 1  and 3350 cm - 1  and a plateau 
beginning near 3500 cm-1. The band at 3130 cm - 1  is not 
particularly well reproduced by any of the theoretical spectra, 
but lies closest to that for (4,1)_AADoh. The 3350 cm - 1  band is 
consistent w ith m ost of the low-energy structures. The absence of 
intensity below 3000 cm - 1  suggests that the (3,2)_ADoH,trans-AA 
and (3,2)_ADoH,cis-AA structures are not major contributors, 
although the caveats noted above for this region remain.
3.1.5.3. n = 4. The experimental spectrum for CuOH+ ( ^ 0 ) 4  is 
shown in Fig. 8  above those predicted for four low-energy isomers. 
The main band is centered around ~3675cm -1 and is narrower 
than that for n = 5 but not as narrow as the larger complexes. A low 
intensity band to the red in the free-OH region is also evident. 
These features are reproduced reasonably well by the predicted 
spectrum for the (3,1)_AA structure, which is a 4-coordinate 
pseudo-square planar complex and the ground structure at all but 
the B3P86 level of theory. The vibrational frequencies that make up 
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Fig. 7. C om parison  o f th e  e x p e rim e n ta l IRPD s p e c tru m  fo r Cu0 H+(H2 0 ) 5 a t  210 K 
w ith  IR sp e c tra  fo r lo w -e n erg y  iso m e rs  p re d ic te d  a t  th e  B3LYP/6-311+G(d,p) level. 
In th e  th e o re tic a l sp ec tra , th e  bonded-O H  reg ion  is b ro a d e n e d  by  50 cm -1 , a n d  th e  
free-O H  re g io n  is b ro a d e n e d  by  15 cm -1 . T heore tica l sp e c tra  in b lu e  (b o tto m  tw o) 
a n d  g re en  (top ) re p re se n t 4 -c o o rd in a te  a n d  5 -c o o rd in a te  sp ec tra , re spectively .
F r e q u e n c y  (c m -1)
F ig. 8. C om parison  o f th e  e x p e rim e n ta l IRPD s p e c tru m  fo r Cu0 H+(H2 0 ) 4 a t  210 K 
w ith  IR sp e c tra  fo r lo w -e n erg y  iso m ers  p re d ic te d  a t  th e  B3LYP/6-311+G(d,p) level. 
In  th e  th e o re tic a l sp ec tra , th e  bonded-O H  reg ion  is b ro a d e n e d  by  50 cm -1 , an d  th e  
free-O H  re g io n  is b ro a d e n e d  by  15 cm -1 . T heore tica l sp e c tra  in  b lu e  ( to p  th re e )  an d  
g re en  (b o tto m ) re p re se n t 4 -c o o rd in a te  a n d  5 -c o o rd in a te  sp ec tra , respectively .
OH stretch. The small band to the red of the main peak consists of 
nsym for the AA water, although its predicted frequency is red- 
shifted from experiment. The w idth of the free-OH bands in the 
o ther three spectra exclude these other isomers from being major 
contributors to the experimental spectrum. Although none are 
necessary to reproduce the experimental spectrum, the presence 
of small amounts of these other isomers cannot be excluded. At 
210 K, the relative MP2 energies predict that the (3,1)_AA ground 
structure should account for >75% of an equilibrated population.
The experimental spectrum also shows two broad, low 
intensity bands in the bonded-OH region. The first is between 
3300 and 3500cm -1 w hich generally encompasses the nsym 
stretches of H-bonded waters and is consistent w ith the (3,1)_AA 
spectrum. This complex does not predict any intensity at lower 
frequencies, hence the small intensity at about 3100 cm - 1  could 
indicate the presence of the (3,1)_AAoh structure, w here the band 
corresponds to the vasym modes of the AAoh molecule. This 
frequency is significantly red-shifted from the usual location of 
stretching modes of AA molecules, which generally appear 
betw een 3300 and 3500 cm -1. This results from its interaction 
w ith the OH ligand, w hich pulls electron density away from the 
w ater and weakens the free-OH stretching mode.
3.1.5.4. n = 3. Spectra for the four lowest energy isomers are 
shown under the experimental spectrum of Cu0 H+(H2 0 ) 3  in Fig. 9. 
Included in this comparison is the infrared predissociation data of 
Marsh et al. for the loss of D2  from CuOH+(H2 O)3 D2  [15]. Marsh 
e t al. observed six well-resolved peaks in the free-OH region. We 
convoluted their observed frequencies over the same Gaussian 
linewidth used for the theoretical spectra to ensure a valid 
comparison w ith the present spectrum. Good agreem ent in these 
experimental spectra are observed, w ith two major bands, a broad 
peak from ~3650 to 3750 cm - 1  and a smaller peak centered near 
3610 cm-1. Differences can be attributed to the very different 
tem peratures in the two experiments and the effects of the D2 
tagging. The overall appearance of these peaks are m atched nicely 
by the (3,0) spectrum, the ground structure at all levels of theory 











Please cite this article in press as: A.F. Sweeney, e t al., Structural elucidation ofhydrated CuOH + complexes using IR action spectroscopy and
theoretical modeling, Int. J. Mass Spectrom. (2014), http://dx.doi.org/10.1016/j.ijms.2014.08.037
81
G Model
MASPEC 15314 No. of Pages 11 —4’ -x j  -
A.F. Sw eeney e t  al. / In ternational Journal o f  M ass Spectrom etry xx x  (2014) xx x -x xx
2700 2900 3100 3300 3500 3700 3900
F requency  ( c m ')
Fig. 9. Comparison of the experimental IRPD spectrum  for CuOH+(H2O) 3 at 290K 
and the experimentally determ ined frequencies and intensities of CuOH+ (H20)sD2 
from Marsh et al. [15] convoluted over a Gaussian linewidth of 15 cm -1 w ith  IR 
spectra for the lowest energy isomers predicted a t the B3LYP/6-3ll+G(d,p) level. In 
the theoretical spectra, the bonded-OH region is broadened by 50 cm-1, and the 
free-OH region is broadened by 15 cm -1. Theoretical spectra in blue (third and fifth 
panels) and red (fourth and sixth panels) represent 4-coordinate and 3-coordinate 
spectra, respectively.
precisely than the (3,0) ground isomer, perhaps suggesting that the
(3,0)Cs isomer is not a major contributor.
3.1.5.5. n=2. The main peak present in this spectrum is a broad 
band from ~3550 to 3650cm -1, Fig. 10. This peak is red-shifted 
from the main peaks of the othercom plex sizes by ~7 5 cm _l, Fig. l . 
The red-shift in this peak compared to n  = 3 is a  result of the copper 
ion pulling electron density from fewer ligands leading to higher 
partial electron transfer per ligand, thereby reducing the 
vibrational frequency of the free-OH stretching motions. To the 
blue of the main peak is potentially a small band near 3675 cm -1. 
None of the predicted spectra reproduce this experimental result 
as they all exhibit multiple peaks.
W hen convoluted over a Gaussian linewidth of l5 c m -1, the 
spectrum for CuOH+(H2O)2D2 of Marsh et al. [15] also exhibits 
broadness that does not m atch any of the predicted spectra. The 
best m atch comes from the (2 ,0 ) isomer, which agrees well with 
the high frequency portion of the Marsh spectrum but fails to 
predict the peak around 3560cm -1. However, calculations of 
Marsh et al. indicate that this peak is red-shifted by its interaction 
w ith D2 and, in the absence of such an interaction, would have a 
frequency similar to that of the other w ater molecule, i.e., near 
3610 cm -1. The result would be a spectrum  in good agreem ent w ith 
that of the (2,0) isomer, the ground isomer at all levels of theory. In 
contrast, the spectrum of the untagged ion is missing the higher 
frequency bands betw een 3650 and 3700 cm -1. This is likely 
the result of the significantly higher tem perature at which the 
spectrum ofth is ion was obtained, required in this case in order to 
provide efficient photodissociation.
To ensure that the missing intensity was not an artifact of our 
computational methods, w e reoptimized the (2 ,0) structure at the 
MP2 (full) geometry. This resulted in a more T-shaped structure 
than the trigonal planar structure predicted by B3LYP, in
the w ater molecules as well as the OH stretching motion, whereas 
the low frequency peak corresponds to nsym of the same water 
molecules. Finally, the present spectrum contains a small peak at 
3500 cm -1 that is also predicted in the (3,0) spectrum and is 
associated w ith nsym motions of the waters closest to the OH.
The H-bonded region is largely featureless but could be 
interpreted as containing a small peak around 3350 cm -1. 
Interestingly, Marsh et al. also observed a broad, low intensity 
peak around 3390 cm -1  in their experimental data. Features in this 
region of the spectrum would indicate bonding to AA waters in the 
second shell as seen in the (2,1)_AA spectrum, the B3LYP ground 
structure. However, the relative intensity of this peak compared to 
the free-OH region suggests that any contribution from this isomer 
is likelyvery small, although the presence of this band in the colder 
tem perature conditions(l0  K) ofM arsh et al. is intriguing, perhaps 
suggesting some kinetic trapping of the (2,1)_AA isomer or that its 
relative energy is low, more like the B3P86 result. In this 
comparison, it should also be realized that the D2 tag affects the 
relative energies of the various isomers.
Finally, w e note that there are two distinct (3,0) isomers found 
theoretically. As shown in Fig. 9, these differ primarily in 
orientation of the OH and one adjacent w ater molecule. In (3,0) 
Cs, the free OH bonds on both w ater molecules adjacent to the OH 
point up such that there is nearly a plane of symmetry through the 
Cu—OH bond. In the (3,0) ground structure, one of these bonds 
points down, which also alters the hydrogen bonding of the 
opposite w ater to the OH ligand, w hich then rotates. This change in 
the hydrogen bonding leads to the (3,0)Cs structure lying l-5 k J / 
mol above (3,0) according to theory, Table l . The effect on the (3,0) 
Cs spectrum is a general broadening o fthe free-OH band along w ith 
a red-shift of one free- OH motion down to 3530 cm-1. In both 
cases, these features agree w ith the experimental spectrum less
Fig. 10. Comparison of the experimental IRPD spectrum  for CuOH+ (H2O)2 at 450 K 
and the experimentally determ ined frequencies and intensities of CuOH+(H2O)2D2 
from Marsh et al. [15] convoluted over a Gaussian linewidth of l5 c m -1  w ith  IR 
spectra for low-energy isomers calculated at the B3LYP/6-3ll+G(d,p) level. In the 
theoretical spectra, the bonded-OH region is broadened by 50 cm-1, and the free- 
OH region is broadened by 15 cm-1. Theoretical spectra in red (top two) and yellow 
(bottom  two) represent 3-coordinate and 2-coordinate spectra, respectively.
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agreem ent w ith similar computational results of Marsh e t al.. The 
resulting spectrum had peak intensity beyond 3750 cm -1  and bore 
little resemblance to either experimental spectra. This result is in 
accord w ith observations by Marsh et al. who found 
cam-B3LYP to agree best w ith experiment compared to CCSD 
and MP2 methods. In addition, their results suggested that the
(2 ,0) structure might be even closer to a symmetric trigonal planar 
structure than predicted by the B3LYP methods.
3.2. Overview o f results
For all complex sizes of n >3 , the experimental data generally 
suggest a dom inant contribution of 4-coordinate pseudo-square 
planar structures although evidence for contributions from
5-coordinate pseudo-square pyramidal structures is apparent for 
n  = 5-7. Distinctive peaks from the 4 and 5-coordinate species at 
n = 7 allow an estim ate of the relative abundances of each. These 
relative abundances are accurately reproduced by the MP2(full) 
relative energies only. For n = 5 and 6 , the experimental spectra 
show broadness resulting from overlapping spectra of multiple 
isomers, which suggests that the relative free energies between 
those isomers are small. In accord w ith this conclusion, MP2(full) 
and M06 levels of theory typically identify both 4 and 5-coordinate 
structures as lying close in energy. This is in contrast to the B3LYP 
and B3P86 relative energies for the same isomers which usually 
differ by >10 kJ/mol. Part of the reason for this different behavior 
has been elucidated by Rios-Font et al. in their computational study 
of Cu2+(H2O)n complexes [34]. There, they found that functionals 
w ith low amounts of exact exchange (such as B3LYP) overestimate 
the second ionization energy of Cu, such that the electron hole is 
too delocalized, especially in low coordinating environments, 
thereby overstabilizing these geometries.
3.3. Comparison to hydrated Cu2+ and Cu+
Solvated Cu2+ systems show a preference for a 4-coordinate 
species [10], whereas studies of solvated Cu+ systems show a 
preference for a 2-coordinate system [14,35,36]. This distinction 
arises from the electronic character of Cu2+(2D, 3d9) versus Cu+(1S, 
3d10). Fora d9 complex, ligand field theory prefers a square planar 
geometry as this allows the dx2 -y 2 orbital, which points at the 
ligands, to be singly occupied. The out-of-plane dz2  orbital, which 
m ust be doubly occupied, is repulsive for addition of a fifth ligand. 
For the spherically symmetric 3d10 complex, ligation occurs by 
donation into the empty 4s orbital, which can then hybridize with 
an empty 4p to enhance the binding and provide the preference for
2 -coordination. If more ligands are added, however, tetrahedral 
and octahedral geometries are possible and hydration of Zn2+(1S, 
3d10) shows a preference for 5- coordination [21].
In the present systems, CuOH+ is clearly acting primarily as a d9 
complex, suggesting its electronic character is largely Cu2+OH-, 
w here the OH- is a two-electron donor like the w ater ligands. 
Examination of the molecular orbitals of many of the complexes 
here verifies that the singly occupied molecular orbital (SOMO) in 
the 4-coordinate complexes is the dx2 -y 2 on copper, as 
anticipated. This is dem onstrated well by the SOMO of (3,4) 
_2ADoh,2AA, as seen in Fig. 11. However, because of the electronic 
ambiguity of Cu2+OH-versus Cu+OH, the addition of a fifth ligand to 
the copper center is a low-lying configuration, and the calculated 
ground state for CuOH+(H2O) n w here n = 5 and 6 according to MP2 
and M06 theory. In these configurations, the SOMO is again largely 
dx2 - y 2, although it appears that some dx2 character (where the 
Cu—Oh bond lies along the x  axis) is mixed in so that the SOMO 
now has a doughnut-shaped lobe interacting w ith three w ater
ligands along w ith lobes pointing towards the OH and opposite 
w ater ligand.
This electronic ambiguity has additional consequences in the 
presence of second and third solvent shells. For example, MP2(full) 
predicts that 4-coordinate species are more stable for n  = 3 and 4, 
that 5-coordinate species are more stable for n  = 5 and 6 , and that at 
n  = 7, the 4-coordinate species is again the preferred geometry. Our 
experimental results are generally consistent w ith these predic­
tions. The switch from 4- to 5-coordinate for n  = 5 and 6 is 
potentially attributed to the more complicated hydrogen bonding 
networks that are perm itted by the axial w ater ligand. For n = 5 and 
6 , w ater molecules in 4-coordinate square planar complexes can 
only participate in two hydrogen bonds each, whereas water 
molecules in 5-coordinate square pyramidal complexes can 
participate in three hydrogen bonds. As the system then moves 
to the more highly solvated n = 7-9  complexes, there is probably 
enhanced stability from a filled and symmetric second solvent 
shell. For n = 8 and 9, w ater molecules in the third solvent shell of
4-coordinate complexes are now able to form three hydrogen 
bonds and the hydrogen-bonding advantage of the 5-coordinate 
geometry is lost. Interestingly, the 6- coordinate species is never 
favored, suggesting that the more complicated hydrogen bonding 
afforded by one axial ligand does not continue to hold for a second 
axial ligand. Apparently, the energetic cost to the d9 configuration 
of having two axial ligands cannot be justified as it adds no more 
hydrogen bonding opportunities than the single axial ligand. This 
is clear at n = 5 because having a second axial ligand requires 
removal of the hydrogen-bonded second shell w ater molecule, 
w hich eliminates the hydrogen bonding advantage. At n = 6 , only 
one w ater molecule can participate in the more complex hydrogen 
bonding, which doesn’t offset the energetic penalty of two axial 
ligands. At n = 7 and above, having any axial ligands is less favored 
than the filled and symmetric second solvent shell.
One can imagine that more extensive solvation than that 
examined here might eventually lead to more highly coordinated 
geometries. Indeed, the study of Bryantsev et al. examined this by 
using the COSMO continuum  solvent model [9]. In general, their 
results show that more complete solvation actually destabilizes 
the more highly coordinated geometries for n = 5 and 7. For CuOH+ 
(H2O)17, the 5-coordinate geometry is the ground state (both in the 
gas-phase and solution) w ith the 4-coordinate geometry lying
7.1 kJ/mol higher in energy (not stable in the gas phase) and a
Fig. 11. Singly occupied molecular orbital (SOMO) of (3,4)_2ADoh,2AA. The 
hydroxide ligand is left center.
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6-coordinate structure lying 1.0 (gas-phase) or 9.3 (solution) 
kJ/mol above the ground structure. Interestingly, in the
5-coordinate geometry of CuOH+ (H2O)17, the w ater ligands form 
a shell surrounding the unoccupied axial site on copper, clearly 
indicating electron density at this position. Bryantsev et al. 
conclude by noting that difference in the various solution phase 
coordinations are sufficiently small “that they may dynamically 
coexist.”
Although the bonding motifs betw een CuOH + and Cu2+ are 
similar in coordination number, there are major differences 
betw een the placements ofthe third solvent shell waters. Hydrated 
Cu2+ systems have the third shell waters attached as free rotors 
throughasingle hydrogen bond(A) to the second shellw aters [10]. 
CuOH+ systems, however, prefer more hydrogen bonding where 
the third shell waters are both accepting and donating hydrogen 
bonds. It is also notable that the nasym AAD motions are 
blue-shifted from the corresponding motions in the Cu2+ 
complexes by ~ 2 0 cm -1. Both of these differences arise because 
the OH group is more electronw ithdraw ing than the surrounding 
waters, w hich weakens the copper-w ater bonds and allows for 
stronger vibrations of the w ater molecules.
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GUIDED ION BEAM STUDIES OF THE COLLISION-INDUCED DISSOCIATION 
OF CuOH+(H2O)n (n = 1 -  4): COMPREHENSIVE THERMODYNAMIC 
DATA FOR COPPER ION HYDRATION
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Beam Studies of CuOH+(H2O)n (n = 1 -  4): Comprehensive Thermodynamic Data for 
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3  Supporting Inform ation
ABSTRACT: Threshold collision-induced dissociation (TC ID ) using a guided 
ion beam tandem  mass spectrom eter is perform ed on C uO H +(H 2O )n where 
n = 1 -4 . The primary dissociation pathway for the n = 2 - 4  reactants consists of 
loss o f  a single water molecule followed by the sequential loss o f additional water 
molecules at higher collision energies. The n = 1  reactant departs from this trend 
by losing the O H  ligand and the H 2O ligand competitively. Loss o f  the O H  ligand 
is thermodynamically favored, whereas H 2O loss is the kinetically favored process, 
consistent with heterolytic cleavage of the dative bond. The data are analyzed using 
a statistical model after accounting for internal and kinetic energy distributions, 
multiple collisions, and kinetic shifts to obtain 0 K bond dissociation energies 
(BDEs). These are also converted using a rigid rotor/harm onic oscillator 
approximation to yield thermodynamic values at room  temperature. Experimental 
BDEs are compared to theoretical BDEs determined at the B3LYP, cam-B3LYP,
B3P86, M06, CC SD (T), and MP2(full) levels o f theory with a 6-311+G(2d,2p) basis set using geometries and vibrational 
frequencies determ ined at the B3LYP/6-311+G(d,p) level. In addition, BDEs for the loss o f  O H  from CuO H +(H 2O )n where 
n = 0, 2 - 4  are derived using the experimental BDEs for dissociation o f C u O H + (^ O )n  and literature values for C u + (^ O )n .
■  INTRODUCTION
As an abundant trace element, copper is necessary for a wealth 
o f biological processes including gene expression,1,2 photosyn- 
thesis,3,4 and growth and metabolism .5 Additionally, copper is a 
cofactor for a num ber o f key enzymes.6-11 The ubiquitous 
nature o f  copper is not isolated to biological systems. Indeed, 
copper is the m ost common toxic heavy metal used in industrial 
practices,5 which has contributed to its increased concen­
trations in aquatic environm ents12,13 leading to toxicity14 and
phytotoxicity.15 For these reasons, its concentration in drinking 
water supplies is regulated by the EPA .16 In order to fully 
understand the role copper plays in any of these systems, it 
would be useful to better develop our understanding of copper 
hydration at a fundamental level.
Previous studies toward this goal have investigated a range- of 
h y d ra ted  co p p er system s inc lud ing  C u 2+(H 2O ) n /  -19  
Cu+(H2O ) W20 and CuO H +(H 2O )n. 7,24-26 In many of 
these studies, hydrated copper systems are compared to other 
hydrated transition metal cations to ascertain periodic trends. 
In these comparisons, copper systems are often found to 
represent extremes to the trends or exceptions to them 
altogether. For instance, fast atom bom bardm ent (FAB) studies 
by Michl and co-workers21 revealed that M O H +(H 2O )n and 
M +(H 2O)n were present simultaneously for first-row transition 
metals o f groups 4 - 8 .  In contrast, competition between these 
two systems was not seen for Cu as only the Cu+(H 2O )n 
system was present.21 Siu and co-workers perform ed a similar 
study by looking at the collision-induced dissociation (CID ) of
ACS Publications ©  20 14  A m erican  C he m ica l S ociety
M 2+(H 2O )n for a variety o f transition metal species and found 
that, at certain sizes, each metal complex undergoes a charge 
s e p a r a t i o n  p r o c e s s  to  f o rm  M O H  + ( ^ O ) m + 
H 3O+(H2O)n.m.2.18 The minimum size at which water loss 
was favored over this charge separation process was notably 
higher for copper than for all but one o f the dozen other metals 
investigated, which was presum ed to be because o f its higher 
second ionization energy.
T he interesting  chem istry  involved w ith the  charge 
separation mechanism has elicited a litany of studies focused 
on the C uO H +(H 2O )n system, which is further investigated in 
the present study. Among these studies is work by Goddard 
and co-workers who used the Continuum  Solvent Model 
(C O SM O ) 27 in conjunction with B3LYP to theoretically 
characterize and provide relative energetics for C uO H +(H 2O )n 
where n = 3, 4, 5, 7, and 17.24 They found that n = 3 - 5  
complexes preferred a coordination num ber (C N ) o f  4, 
whereas n = 7 and 17 complexes preferred a C N  = 5 because 
o f the presence o f a second solvent shell. However, the 
energetic differences between CN  = 4  and 5 were less than 10 
kJ/m ol for all complexes, which suggested that the two species 
could rapidly interconvert. Experimentally, Garand and co­
workers used cryogenic ion spectroscopy to examine the O H  
stretch ing  region o f D 2 tagged C u O H +(H 2O )n w here
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n = 1—3 .25 Like Goddard and co-workers, they found 
preference for C N  = 4  for n = 3, although they could not rule 
out contributions from multiple isomers for complex sizes as 
small as n = 2. They were unable to obtain spectra for 
CuO H +(H 2O)n complexes larger than n = 4, presumably 
because the fourth water is weakly bound in a second solvent
shell.21
M ost recently, in collaboration with Williams and O ’Brien at 
UC Berkeley, we used infrared photodissociation (IRPD) in the 
O H  stretching region in conjunction w ith theoretically 
p re d ic te d  sp e c tra  to  c h a rac te rize  th e  s tru c tu re s  o f  
C u O H + ^ O )* , where n = 2—9, trapped in a Fourier transform 
ion cyclotron resonance (FTICR) mass spectrom eter.26 As in 
the theoretical study o f  Goddard and co-workers, we found 
experimentally that the C uO H +(H 2O )n system prefers an inner 
shell C N  = 4, although contributions from CN  = 5 isomers 
were clearly present for n = 7 and could not be ruled out for 
other complexes. In agreement with the spectra o f Garand and 
co-workers, contributions from multiple isomers could be seen 
in the n = 2 spectrum, although the low intensity o f the 
corresponding bands indicates that these isomers were likely to 
be small in abundance.
Although structures o f  hydrated copper systems have now 
been well-characterized using both  experimental and theoretical 
measures, the thermodynamics o f  these systems are still 
incomplete. Previous thermodynamic studies include only the 
Cu+ (H 2O) n system. Bond dissociation energies (BDEs) for 
Cu+ (H 2O) n where n = 3—5 were first measured by Castleman 
and co-workers using equilibrium methods and observed to 
increase with decreasing n .20 The n = 1—4 complexes o f the 
same system were later studied by Michl and co-workers using 
fast atom  bom bardm ent (FAB) techniques with a triple 
quadrupole mass spectrom eter.21 Quantitative discrepancies 
between those two studies motivated a subsequent guided ion 
beam study by Dalleska et al.22 They found that the BDEs for 
n = 4  and 3 were nearly the same whereas the BDE for n = 2 
was much higher and also slightly higher than that for n = 1.22 
These results gave revised BDEs that were in accord with the 
previous studies21 and were aligned with observations by 
Magnera, David, and Michl28 and Marinelli and Squires29 who 
found that the n = 2 water is bound to some first-row transition 
metals ions more strongly than the first.
In the current study, we use threshold collision-induced 
dissociation (CID ) in a guided ion beam tandem  mass 
spectrom eter (GIBM S) to quantitatively investigate the 
thermochemistry o f the C u O H + (^ O )n  system for n = 1—4. 
Analysis o f kinetic energy dependent CID cross sections yields
0 K BDEs for these complexes. The present results represent 
th e  firs t e x p e rim e n ta lly  d e te rm in e d  B D Es fo r th e  
C uO H +(H 2O )n system. Interestingly, the  C u O H +(H 2O) 
complex loses both  H 2O and O H  competitively to form 
CuOH+ and C u + (^ O )  products, respectively. Here, the 
thermodynamics for both  channels are characterized for the 
first time. This thermochemistry is then combined in a 
thermodynamic cycle with previous measurements o f the 
Cu+ (H 2O)n systems to yield the H O —C u + (^ O )n  BDEs for n =
0 and 2—4. The Cu+—O H  bond energy is compared with 
previous values for related CuX+ (X = C H 3 and N H 2) and 
M O H + systems to evaluate the periodic trends.
■  EXPERIMENTAL AND THEORETICAL SECTION
Instrumentation. Hydrated copper hydroxide ions are 
created from a 10—4 M  solution o f  CuSO4 in neat water using
The Journal of Physical Chemistry A__________________ Article
electrospray ionization (ESI) techniques. The solution is 
advanced at a rate o f 0.05 m L /h  through a 35 gauge stainless 
steel needle that has an applied voltage o f ~ 2  kV. Once in the 
gas phase, ions enter the vacuum system through a stainless 
steel cap with an inlet diameter that can range in size to help 
regulate pressure in the front end o f the instrument. This affects 
not only reactant ion throughput but also collisional cooling. 
Ions then drift through a 4  in. long capillary that is heated to a 
temperature o f 80 °C in order to desolvate large droplets. An 
88  plate radio frequency (rf) ion funnel (IF) with super­
imposed dc gradient field, copied from a design described in 
detail elsewhere,30 collects and focuses the ions to increase 
signal intensity .31,32 The voltage bias between the first and last 
plate o f the ion funnel is kept below 10 V  to minimize heating 
o f the ions. At the end of the funnel, the ions enter an rf-only 
hexapole with rf amplitudes typically set at 250 V  peak to peak. 
Here, they undergo cooling by >104 thermalizing collisions with 
ambient gas (largely air and water).33 This ensures that ions 
beyond the hexapole are well-defined by a Maxwell—Boltzmann 
distribution o f rovibrational states at room  tem perature .33 38 
To preferentially increase the intensity o f  the n = 2 and 3 
complexes, we use a set o f  dc electrodes located between each 
hexapole rod. These electrodes act as an in-source fragmenta­
tion technique, as described in detail elsewhere.36 Judicious 
placement o f  the electrodes allows rethermalization o f the 
newly formed fragment ion, as dem onstrated elsewhere.36-40
Ions generated in the ESI/IF/hexapole source33 then enter 
the guided ion beam tandem  mass spectrometer41,42 where they 
are focused into a magnetic m om entum  analyzer for mass 
selection. These reactant ions are decelerated to a known 
kinetic energy and injected into an rf  octopole ion guide43 
where they pass through a collision cell containing Xe at low 
pressures. Xenon is used for reasons described elsewhere.22,44 
Product and remaining reactant ions drift out o f the octopole 
and are mass selected using a quadrupole mass filter before 
being detected using a Daly detector .45
Data Analysis. Producing accurate thermodynamic in­
formation requires diligent consideration o f many experimental 
factors that convolute the raw data. These factors include but 
are not limited to internal and kinetic energy distributions of 
the ionic and neutral reactants, lifetime effects that arise from a 
finite experimental time window, the probability o f  multiple 
collisions, and competition from other chemical and physical 
processes.
The measured intensities o f the reactant and product ions are 
converted to absolute cross sections using the B eer-Lam bert 
analogue
I  =  I 0 e x p ( - p a t )  (1 )
where I  is the reactant ion intensity after the collision cell, I 0 is 
the reactant ion intensity before the collision cell, p  is the 
number density o f the neutral reactant, a  is the total reaction 
cross section, and l is the length o f the collision cell, 8.6 cm. 
The advantage o f the guided ion beam m ethod is that very few 
ions are lost such that I0 -  i  = U p  the sum of all product ion 
intensities. The relative energy of the reactants is converted 
from the lab frame voltage, Vjab, to the center o f mass energy, 
Ecm, using eq 2
E CM =  q Vlahm / ( m  + M )  (2)
where m is the mass o f the reactant neutral, M  is the mass of 
the reactant ion, and q is the charge o f the ion. Ecm represents 
the am ount o f energy actually available for reaction, which is a
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crucial metric when dealing with thermodynamic quantities. 
The kinetic energy distribution o f the ions is determ ined at the 
beginning o f  each experim ent using retarding potential 
analysis.4 This also allows the absolute zero o f  energy to be 
obtained such that it can be subtracted from Vjab. Experimental 
collisions are perform ed at three different pressures o f the Xe 
neutral gas, typically ~0.2, 0.1, and 0.05 mTorr. The cross 
sections at each pressure are used to linearly extrapolate to a 
zero pressure cross section, which rigorously represents a single 
collision event. The final step toward conversion o f the raw 
data is a background subtraction. This is accomplished by 
measuring the reactant and product ion intensities with and 
without gas in the collision cell. In this way, product ion 
intensities resulting from dissociation outside the collision cell 
as well as background noise in the detector are removed.
The kinetic energy dependent cross section for the loss o f a 
ligand is modeled using the empirical model shown in eq 3
j E ) =  %  2  g ,(E  + E‘ -  j / E
(3)
where ^  is an energy independent scaling factor, E is the 
relative collision energy, E 0j  is an adjustable param eter 
representing the reaction threshold for channel j  at 0 K, N  
describes the energy deposition function ,42 and the summation 
is over the rovibrational states o f the reactant ion having 
energies E { and populations g, where = 1. Rovibrational 
states taken from quantum  chemical calculations o f the ground 
state structures are directly counted  using the Beyer— 
Swinehart—Stein—Rabinovitch46-48 algorithm and are assigned 
populations, g i; on the basis o f  a Maxwell—Boltzm ann 
distribution at 300 K. As the size o f the reactants increases, 
the num ber o f  accessible rovibrational states will also increase 
such that dissociative lifetimes near the threshold energy can be 
longer than the experimental time-of-flight, t  ~  5 X 10—4 s .42 
For this reason, the apparent dissociation thresholds for larger 
reaction complexes shift to higher energies. This kinetic shift is 
accoun ted  for using  R ice—R am sperger—K assel—M arcus 
(RRKM) statistical theory49-51 for unimolecular dissociation 
and is incorporated into the cross section model, as seen in eq
4.
k ( E * )
K J E * )
(E  -  e )N -1PD
d(e) (4)
Here, £ is the energy that is deposited into internal modes of 
the reactant ion complex during collision, P d 1 = 1 — 
exp (—fctot(E *)T) is the dissociation probability, and kj(E*) is 
the RRKM unimolecular rate constant for dissociation into 
channel j  where the available energy is E* = E; + £. Should the 
dissociative lifetime of the energized molecule (EM ) be shorter 
than the average experimental time frame, the integration in eq
4  recovers eq 3. Equation 4  also accounts for the competition 
between multiple dissociation pathways using the kj(E*)/ 
ktot(E*) ratio, which uses statistical theory52,53 to estimate the 
rate for each reaction channel j. The rate coefficients, kj(E*), 
are defined by RRKM theory as in eq 5
ktot(E*) =  2  k(E*) = 2  dNj(E* -  Eo,j)/hp(E*)
where dj is the reaction degeneracy o f  channel j, N j (E* — E0 j) 
is the sum of rovibrational states o f the transition state (TS), 
and p(E *) is the density o f states o f  the EM  at E*. W ater loss 
for hydrated metal cation species is a heterolytic bond cleavage 
that can be characterized as proceeding over a loose transition 
state (TS ) .54 In this work, the TS is treated at the phase space 
limit (PSL) in which the transitional modes are rotors .52 Loss 
o f an O H  ligand also proceeds over a loose TS but only occurs 
from the C uO H +(H 2O ) reactant where it is competitive with 
loss o f H 2O. Therefore, modeling o f its threshold requires 
com petitive m odeling o f bo th  dissociation pathways, as 
successfully applied in several previous studies.53,55 60 All 
molecular parameters for the TS and EM  are taken from 
quantum  chemical calculations described below.
Cross sections for the loss o f an additional water ligand are 
modeled by combining eq 4, which reproduces the cross 
section o f the primary dissociation product, with the probability 




where E* = E* — E 0,j — T 1 — EL is the internal energy o f the 
p roduct ion undergoing fu rther dissociation. Statistical 
assumptions are used to assign the distributions for T 1 and 
EL, which represent the translational energy of the primary 
products and the internal energy of the neutral product, 
respectively.
F or both  primary and secondary processes, the model cross 
sections o f  eqs 4  and 6  are convoluted over the kinetic energy 
distributions o f  the neutral and ion reactants before comparison 
to experimental data. The fitting parameters in these equations 
(^0j, N , and E0j) are then optimized using a nonlinear least- 
squares criterion to reproduce the experimental data through­
out the threshold region. The E0j threshold energies obtained 
are equivalent to the 0 K binding energy of the ligand to the 
metal complex. The uncertainties in these binding energies are 
determined from the range of parameters obtained from 
modeling multiple data sets, scaling the quantum  chemical 
vibrational energies by ±10%, varying the best fit N  value by 
± 0.1 , changing the experimental time-of-flight up and down by 
a factor o f 2, and including the uncertainty in the energy scale, 
±0.05 eV (lab).
Computational Details. In our previous study,26 we 
conducted an exhaustive examination o f  low energy isomers 
for C uO H +(H 2O )n where n  = 2—9 for comparison to IRPD 
data. Included in that study were relative energies o f each 
isomer calculated at temperatures specific to the FTICR 
experimental source conditions, which ranged from 130 to 450 
K. In the GIBMS, however, source conditions ensure room 
tem perature reactants, so relative free energies for the 
C uO H +(H 2O )n complexes were recalculated here at 298 K in 
order to ascertain the relative populations o f  the various 
isomers. For comparison to our experimentally determined 0 K 
BDEs, theoretical 0 K BDEs were determ ined from the 
difference in energies o f  the ground state reactant complexes 
and their products including zero-point vibrational (scaled by 
0.989) 62 corrections. Comparison with and without basis set 
superposition error (BSSE) corrections determ ined at the full 
counterpoise level63,64 are also made. These calculations 
include the ground state structures for C uO H +(H 2O )n where 
n = 1—4 (all doublet spin states), both possible dissociation 
products from the n = 1 reactant, Cu+(H 2O) + O H  (singlet + 
doublet spin states) and CuOH+ + H 2O (doublet + singlet spin
Article
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states), as well as Cu+(H2O)n where n = 1 - 4  (all singlet spin 
states). All low energy isomers were optimized at the B3LYP/6- 
311+G (d,p) level o f  theory .65,66 Relative energetics are 
obtained using single point energy (SPE) calculations at the 
B3LYP, Coulom b attenuating  m ethod  (cam ) B3LYP,67 
B3P86,68 M06,69 and M P2(full) 70 levels with a 6-311+G- 
(2d,2p) basis set. Diffuse functions were used at every step 
because o f  their importance in describing the hydrogen 
bonding characteristics of hydration and solvation.71,72 In a 
previous study of similar hydrated complexes,73 we showed that 
geometry optimizations, vibrational frequencies, and energetics 
calculated at this level yielded no discernible differences from 
those calculated at alternate levels o f  theory, including B3LYP/ 
6-311++G(d,p), BHandHLYP/6-311+G(d,p), BHandHLYP/ 
6-311++G(d,p), and M P2(full)/6-311+G (d,p). O ur use o f 
M P2 with full electron correlation is predicated on previous 
results that show that frozen core calculations can lead to 
anomalous metal cation binding affinities.74 76 Rotational 
constants and vibrational frequencies of the ground state 
isomers scaled by 0 .98977 were used to calculate the densities 
and numbers of states for each complex in our statistical 
modeling analysis. All quantum chemical calculations were 
performed using the Gaussian 09 suite of program s.78
■  RESULTS AND DISCUSSION 
Theoretical Structures. Relative energies at 298 K of low- 
lying isomers o f C u O H + (^ O )n  for n = 2 - 4  are shown in 
Table 1. For n = 3 and 4, the predicted ground isomer was not
Table 1. T heoretical Relative F ree Energies (k J/m ol) o f 
C uO H +(H 2O )n Isom ers a t 298 Ka
complex MP2(fuil) M06 B3LYP B3P86
(2,0) 0. 0 T 0.0 0.0 0.0
(1,1)_At 31.9b 29.3 22.5 24.8
(1,1)_Ac 32.4b 29.8 23.1 25.4
(1 ,1 )_ a o h 46.0b 45.6 42.7 46.5
(3,0) 0.0 0.0 1.1 0.0
(3,0)C, 4.8 1.6 2.5 0.7
(2,1)_AA 33.4 7.6 0.0 3.9
(2,1)_A 43.0 16.3 7.2 11.1
(3,1)_AA 0.0 0.0 0.0 1.2
(4,0) 3.1 1.3 1.4 0.0
(3 ,1 )_ A D oh 5.8 1.6 0.1 1.3
(3 ,1 )_ A A oh 13.4 10.1 9.1 10.7
rgies calculated at the level shown using a
6-311+G(2d,2p) basis set using geometries, zero point energy 
corrections (scaled by 0.989), and thermal corrections calculated at
the B3LYP/6-311+G(d,p) level of theory. bCCSD(T) results.
unanimous across all four levels o f theory investigated, although 
in both cases, three o f the levels had the same ground isomer. 
For n = 1 and 2, all levels predict the same ground isomer. 
Ground isomers o f all species considered here are shown in 
Figure 1a. W e use an (x ,y) nomenclature to describe each 
unique structure where x + 1 = C N  and y = the number of 
waters in the second solvent shell. To further distinguish 
isomers, hydrogen bonding of second shell waters is denoted 
using an A /D  nomenclature where A refers to a water molecule 
accepting a single hydrogen bond and D refers to a water 
molecule donating a single hydrogen bond. Binding to the O H  
ligand rather than a water ligand is specified by an OH 
subscript.
A »
Cu0 H ‘ (H ,0 )4
(3,1)_AA
* 4  
•  »  •
J  *
V * .




C u 0H *(H ,0 ),
(2.0 )
CuOH‘(H jO ) CuOH*
b)
J
* >  »  • ;  »  *  •
cu*(h , o ), 
(2,1)_A






Figure 1. Ground isomers of (a) CuOH +(^O)„ and (b) Cu+(H2O)„ 
calculated at the B3LYP/6-311+G(d,p) level.
At n = 4, the ground isomer is a 4-coordinate structure with a 
single water molecule in the second shell acting as a double 
hydrogen bond acceptor, (3,1)_AA, Figure 1a, as also found by 
Goddard and co-workers.24 Here, the C u -O H  bond length is 
1.83 A  with C u -O H 2 bond lengths o f 2 .0 1 , 2 .0 1 , and 2.05 A. 
Oxygen atoms for this complex are nearly coplanar with the 
copper center, as verified by O C uO O  dihedral angles o f >178°. 
B3P86 predicts the (4,0) isomer to be 1.2 kJ/m ol lower in 
energy than the (3,1)_AA ground isomer o f the other levels. 
Higher lying isomers have the second shell water binding to the 
O H  ligand either as a donor, (3,1)_ADoh, or acceptor, 
(3,1)_AAoH. Energetic differences among the four lowest 
isomers o f C u O H + (^ O )4 are <14 kJ/m ol.
For n = 3, three levels o f theory predict the (3,0) square 
planar ground structure, whereas B3LYP predicts the (2,1)_AA 
structure to be 1.1 kJ/m ol lower in energy. N ote that there are 
two (3,0) isomers in Table 1, (3,0) and (3,0)Cs, which differ 
primarily in orientation o f the O H  and adjacent water molecule. 
The (3,0)Cs isomer contains a plane of symmetry, whereas the
(3,0) isomer exhibits no such symmetry as the O H  and H 2O 
ligands participate in hydrogen bonding that slightly reduces 
the relative energy of the structure. Table 1 shows that at room 
temperature energetic differences between these two isomers 
are between 1 and 5 kJ/m ol. Energetic differences between all 
n = 3 isomers are similar among M06, B3LYP, and B3P86 levels 
o f theory with the largest difference being ~16  kJ/m ol, whereas 
MP2(full) gives relative energies that are considerably larger for 
the (2,1) isomers. The (3,0) structure is the result o f losing the 
second shell water molecule from the (3,1)_AA ground 
structure of n = 4, and its geometry is comparable to 
geometries found by Goddard and co-workers24 and Garand 
and co-workers.25 In our calculations o f the (3,0) complex, the 
C u -O H  bond length is 1.84 A, with C u -O H 2 bond lengths 
equaling 2.03, 2.04, and 2.04 A. Like the n = 4  ground isomer, 
oxygen atoms for this species are nearly coplanar with the 
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Table 2. O ptim ized P aram eters o f  E quation  4  from  Analysis o f  CID  Cross Sections*
reactant product b00 N b Ed" (eV) E0b (PSL, eV) ASfooo (J/mol K)
CuOH+(H2O)4d CuOH+(H2O)3 50 (3) 1.0 (0.2) 0.66 (0.06) 0.59 (0.07) 56 (5)
CuOH+(H2O)4e CuOH+(H2O)3 45 (2) 1.0 (0.1) 0.59 (0.04) 56 (5)
CuOH+{H2O)2 0.50 (0.03) 1.58 (0.04)
CuOH+(H2O)3d CuOH+{H2O)2 45 (2) 0.9 (0.1) 0.95 (0.04) 0.93 (0.03) 53 (5)
CuOH+(H2O)3e CuOH+{H2O)2 121 (4) 0.9 (0.1) 0.92 (0.03) 53 (5)
CuOH+(H2O) 64(3) 2.22 (0.03)
CuOH+(H2O)2d CuOH+(H2O) 30 (3) 0.9 (0.1) 1.33 (0.08) 1.31 (0.08) 22 (5)
CuOH+(H2O)d Cu+(H2O) 10 (1) 1.1 (0.3) 1.80 (0.13f 1.80 (0.05) 26(4)
CuOH+ 1.7 (0.7) 1.96 (0.16f 1.86 (0.05) 40 (5)
^Uncertainties in parentheses. b Parameters for modeling where lifetimes effects are taken into account. "Threshold values for modeling where 
lifetime effects are not included. dSingle channel modeling using eq 4. eSequential dissociation modeling using eqs 4 and 6. -^Modeling of individual 
channels without competition.
At n = 2 , all levels o f theory predict the ground structure to 
be (2,0). Loss o f a water ligand from the n = 3 complex to form 
the n = 2 complex reduces the CN of the copper ion from 4  to 
3. The resulting geometry is a near trigonal planar complex 
described by an OCuO angle o f  91° between the waters and 
OCuO angles o f 136° and 132° between the waters and the 
hydroxide. Oxygen atoms o f  H 2O and O H  ligands are nearly 
coplanar with Cu (dihedral angles >169°). Here, the C u -O H  
bond length is 1.77 A  with C u -O H 2 bond lengths o f 2.00 and
2.02 A  (Alternative levels o f theory provide different structures. 
M P2(full) 26 and C C SD (T) theory25 yield a more T-shaped 
molecule, but the relative energetics are affected only slightly.) 
T he next lowest energy isomer at the M06, B3LYP, and B3P86 
levels o f  theory is ( 1, 1 ) _ A  where the t subscript indicates that 
the water in the second solvent shell and the hydrogen on the 
O H  ligand are trans to one another (whereas the c subscript 
indicates a cis structure). Energetic differences between this 
structure and the ground isomer at these levels o f theory are 
2 2 -3 2  kJ/m ol. MP2(full) also predicts (2,0) as the ground 
isomer but with much larger differences to ( 1, 1 ) isomers and 
fails to yield reasonable results for (1,1)_Aoh for reasons that 
are unclear.26 Hence, CC SD (T) results are given for this 
complex in Table 1.
A t n = 1 , the O CuO  angle is 175°, and the molecule exhibits 
Cs symmetry with all hydrogens in the plane. In this complex, 
the C u -O H  bond length is 1.76 A and the C u -O H 2 bond 
length is 1.91 A. The structures o f  CuOH+ and C u + (^ O )  both 
have H O C u angles o f 126° and exhibit Cs and Clv symmetry, 
respectively. N ow  the C u -O H  bond length is 1.82 A, and the 
C u -O H 2 bond length is 2.05 A. N ote that the shorter bond 
lengths in the C u O H + { ^O ) complex compared with CuOH+ 
and Cu+(H 2O) indicate a synergistic interaction between the 
two ligands. This can be thought o f as enhancing the electron 
transfer from Cu to OH, leading to m ore Cu2+OH-  character in 
the n = 1 complex than in C uO H + alone.
The symmetry o f  the C uO H +(H 2O) complex shows that the 
dipole m om ent o f the water ligand is pointed directly at Cu. As 
more waters are added to this n = 1 complex, the dipole 
m om ents for each water ligand become misaligned with Cu 
because o f  hydrogen bonding. For instance, in C uO H +(H 2O )2, 
the water dipole m oments point 23° and 28° away from Cu. In 
the C uO H +(H 2O )3 (3,0) ground isomer, the water molecule 
that hydrogen bonds to the backside o f  the O H  ligand (top in 
Figure 1a) has a dipole m om ent that is 53° away from Cu. This 
interaction also twists the O H  ligand toward the plane o f the 
complex as indicated by a H O C uO  dihedral angle o f 139°, 
which contrasts with a H O C uO  dihedral angle o f 95° for n = 2
where the O H  ligand is nearly perpendicular to the plane o f the 
complex. The other water ligand adjacent to the O H  ligand in 
n = 3 has its dipole 35° from being directed at Cu, and the 
opposite water is nearly aligned at 6 °. The slight deviation from 
alignment is a result o f the uneven hydrogen bonding among 
the various ligands. For the C u O H + (^ O )4 (3,1)_AA ground 
isomer, the addition o f  a water to the second shell represents 
the strongest hydrogen bonding environment. Whereas the O H  
and its hydrogen bonding neighbor are oriented nearly the 
same as in the (3,0) complex, dipole m oments for the two inner 
shell donor water ligands now reorient such that their dipoles 
are 23° and 28° away from Cu.
For analysis o f  the CID cross sections and for calculating 
BDEs, the (3,1)_AA, (3,0), and (2,0) structures were used for n 
= 4, 3, and 2 complexes, respectively, Figure 1a. Each o f  these 
structures was predicted to be the ground isomer by at least 
three o f  the four levels o f  theory considered. Experimentally, 
the (2,0) structure was found by Garand and co-workers to 
rep ro d u c e  th e  IR sp e c tru m  o f  c ryogen ica lly  coo led  
C uO H + (H 2O)n com plexes .25 A dditionally, our previous 
study26 revealed that the (3,1)_AA and (3,0) isomers were 
the main contributors to IRPD spectra for n = 4  and n = 3 
spectra, respectively, although small contributions from the
(4,0) and (2,1)_AA isomers could not be ruled out. Excluding 
MP2(full) relative energies, for reasons described below, the 
energetic differences between these isomers and the predicted 
ground isomers at 298 K are 1 - 2  and 4 - 8  kJ/m ol, respectively. 
As a result, the choice o f ground isomers will change the 
theoretical BDEs by very little. For experimental BDEs, 
previous work done in this lab on the hydration energies of 
Zn + complexes has shown that using different isomers in our 
statistical analysis can change the measured BDE73 because 
different isomers have different rovibrational state densities that 
can yield different kinetic shifts. The small systems investigated 
here have significantly fewer degrees o f  freedom than those 
investigated in that study, 9 -4 5  versus 6 6 -9 3 , and as such have 
significantly smaller kinetic shifts. Therefore, the changes in the 
measured BDEs are significantly smaller as well. Indeed, 
modeling o f the experimental cross sections for n = 4  using 
either o f the (4,0), (3,1)_ADoh, or (3,1)_AA reactant isomers 
with the (2,1)_A  or (3,0) product isomers yielded negligible 
changes in the measured thresholds. Similarly, modeling o f the 
experimental cross sections with (eq 4) and without (eq 3) 
lifetime effects for each complex size gives experimental 
thresholds that change little, as shown in Table 2, but the 
differences do increase with n, from 0.02 eV for n = 2 to 0.07 
eV for n = 4. For the n = 1 complex, the comparison of the
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threshold for formation of CuOH+ + H 2O determined with and 
without explicit consideration o f the competition with the 
lower energy C u + (^ O )  + O H  channel shows a shift o f  0.10
eV.
Experimental Results. Experimental cross sections for 
collision-induced dissociation with Xe were measured for 
CuO H +(H 2O )n where n = 1 -4 . Figure 2 shows the largest
Figure 2. CID cross sections for sequential dissociations of 
CuOH+(H2O )4 colliding with 0.2 mTorr of Xe as a function of 
energy in the laboratory (upper x-axis) and center-of-mass (lower x- 
axis) frames. The line shows the total cross section.
reactant C uO H +(H 2O )4 colliding with Xe to form products. 
The primary dissociation pathway consists o f loss o f a single 
water molecule to form CuO H +(H 2O )3 and is followed by the 
sequential loss o f two additional water molecules at higher 
energies to give C uO H +(H 2O ). T he least intense cross section 
occurs at substantially higher collision energies and is the sum 
of C uO H + and Cu+(H 2O ), which are unresolved in this 
experim ent. N o te  tha t the probability o f  C uO H +(H 2O ) 4 
dissociating into C uO H +(H 2O ) 3 at room  tem perature exists 
even at a collision energy of 0 eV. This indicates that the BDE 
of the fourth water in C uO H +(H 2O )4 is comparable to the 
internal energy content o f  the complex, a conclusion posited by 
Garand and co-workers.25 As an additional water is expected to 
be even less strongly bound, this explains why we were unable 
to create C uO H +(H 2O )5 or larger complexes in appreciable 
intensity at 298 K.
W e model the cross sections for the n = 1 - 4  reactants 
colliding with Xe to ascertain dissociation thresholds at each 
complex size, with optimized parameters given in Table 2 . In all 
cases, the primary dissociation channel is loss o f a water ligand 
with O H  loss being competitive for n = 1. Cross sections for the 
primary and sequential dissociation products were analyzed 
using eqs 4  and 6 to obtain 0 K BDEs for the n = 2 - 4  systems. 
For n = 1, the O H  and the H 2O ligands bind with similar 
energies such that competitive modeling o f  these cross sections 
using eq 4  is needed to acquire accurate 0 K thresholds for both 
pathways.
Cross sections for the products resulting from collisions of 
C uO H + (H 2O)n w ith Xe are show n in Figure 3 after 
extrapolation to zero pressure. For the n = 4  complex, Figure 
3a, analysis o f  the total cross section using eq 4  yields a 
threshold for loss o f a single water molecule o f 0.59 ±  0.07 eV.
W hen the sequential model, eqs 4  and 6, is included, this 
threshold remains the same with the sequential loss o f an 
additional water molecule requiring 1.58 ±  0.04 eV. The 
difference between these two thresholds can be measured with 
more precision than the absolute values for each threshold 
because many systematic sources o f uncertainty cancel. This 
difference should equal the CuO H +(H 2O )2- ( H 2O) bond 
energy, which can also be m easured from the primary 
dissociation channel o f C uO H +(H 2O )3, as shown in Figure 
3b. Indeed, this threshold o f  0.93 ±  0.03 eV does agree 
reasonably well with the 0.99 ±  0.02 eV difference between 
primary and sequential threshold energies for C uO H +(H 2O )4. 
Sequential modeling o f the n = 3 reactant gives thresholds of
0.92 ±  0.03 and 2.22 ±  0.03 eV for the first and second water 
losses, respectively. T he difference between thresholds, 1.30 ±
0.02 eV, now matches the threshold for single water loss from 
C uO H +(H 2O )2, 1.31 ±  0.08 eV, Figure 3c. Individual cross 
sections for the loss o f the O H  and the H 2O ligand from the 
n = 2 complex were too small to analyze independently. The 
apparent onset o f  the total cross section for these sequential 
products can be seen to be ~ 3  eV, nearly 2 eV higher than the 
onset o f the primary dissociation product, C u O H + (^ O ) . This 
approximately agrees with the directly measured threshold for 
dissociation o f  this species.
Competitive analysis o f the C uO H +(H 2O ) dissociation cross 
sections, Figure 3d, reveals a dissociation threshold for O H  loss 
o f 1.80 ±  0.05 eV and a threshold for H 2O loss o f 1.86 ±  0.05 
eV, with a difference measured more precisely as 0.06 ±  0.02 
eV. Although loss o f O H  is energetically more favorable at 
n = 1, loss o f H 2O is entropically more favorable as is indicated 
by its higher cross section above 3 eV. Loss o f H 2O is 
entropically favored because it creates products with more 
rotational degrees o f freedom, which then create a higher 
number o f states at the PSL transition state.
C o m p a riso n  o f  E x p erim en ta l a n d  T h eo re tica l B o n d  
E nerg ies: C u O H + ^ O ^ - ^ O ) .  As noted above, there is 
generally good agreement between the primary and secondary 
bond energies determined using the models o f the total cross 
sections and individual product cross sections. In general, the 
models o f the total cross sections provide the best experimental 
information as fewer assumptions associated with the modeling 
are needed. Therefore, in the following, we take the thresholds 
from the single channel modeling o f the total cross section to 
be our best experim ental BDEs for the C u O H + (^ O )n  
complexes where n = 2 -4 , as listed in Table 3. For comparison, 
theoretical BDEs were calculated at the B3LYP, B3P86, M06, 
MP2(full), CC SD (T), and cam-B3LYP levels o f theory using a
6-311+G(2d,2p) basis set and structures and zero point energy 
corrections calculated at the B3LYP/6-311+G(d,p) level. As 
noted above, these structures were verified to be the ground 
isomer in our previous IRPD study .26
The MP2(full) results are described in the Supporting 
Information. Although M P2(full) BDEs show good agreement 
for n = 4, 3, and 1 dissociating to lose H 2O, it gives obviously 
incorrect results for dissociation o f  n = 2  (off-scale in 
Supporting Information Figure S1) as well as n = 1 dissociating 
to lose OH. Despite a variety o f  computational efforts, repeated 
several times, these anomalous results could not be resolved. 
To probe the cause o f  these errors, SPEs were calculated at the 
CC SD (T) level with the same basis set. Details o f these efforts 
including BDEs calculated at the MP2(full), MP2, MP3, 
M P4DQ, CCSD, and C C SD (T) levels o f  theory are given in 
the Supporting Information. The CC SD (T) BDEs were in
Article
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Figure 3. Zero pressure extrapolated cross sections for the CID of CuOH+(H2O)„ with Xe for n = 4—1 (parts a—d). Solid lines show the best fits to 
the primary, secondary, and total water loss cross sections using eqs 4 and 6 convoluted over the kinetic and internal energy distributions of the 
neutral and ion. Dashed lines show the models in the absence of experimental kinetic energy broadening for reactants with an internal energy of 0 K. 
Optimized parameters for these fits are found in Table 2. In part c, the total cross section for sequential dissociation of the CuOH+(H2O) primary 
product is shown in red.
Table 3. C om parison o f  Experim ental 0 K B ond Energies (kJ/m ol) to  T heoretical V aluesa
CuOH+(H2O)„.r(H2O) exptb B3LYPc B3P86c M06c CCSD(T)c cam-B3LYPc cam-B3LYP/TZVP‘
n =4 56.9 ± 6.3 61.6 (64.6) 64.7 (67.8) 67.5 (70.4) (69.4) 70.1 (73.0) 76.0 (80.5)
3 89.3 ± 3.3 65.9 (69.8) 73.9 (77.9) 78.9 (83.1) (94.3) 79.5 (83.3) 83.0 (91.5)
2 126.4 ± 7.6 100.1 (103.4) 106.3 (109.7) 105.3 (109.0) (108.6) 110.3 (113.4) 114.9 (122.0)
1 179.5 ± 4.8 190.0 (193.9) 195.1 (199.2) 185.5 (190.4) (179.7) 199.1 (202.7) 203.7 (210.9)
MADe 5.5f 16.2 (16.2) 14.7 (14.7) 12.0 (12.0) (8.9) 14.7 (14.6) 15.3 (15.4)
^Theoretical values with (and without) BSSE corrections. ^Values from Table 2. cSingle point energies calculated at the indicated level using a 
6-311+G(2d,2p) basis set and B3LYP/6-311+G(d,p) geometries and zero point energies. ^Geometries optimized at cam-B3LYP level of theory 
consistent with calculations of Garand and co-workers. 5 eMean absolute deviations from experimental BDEs. fMean experimental uncertainty.
good agreement with those from both  experiment and density 
functional methods, possibly suggesting an error inherent to the 
Moller—Plesset correlation energy correction for these systems. 
In the following discussion, BDEs obtained at the MP2(full) 
level will not be included.
For each complex size, BDEs calculated in the present study 
are given with and without BSSE corrections in Table 3, except 
no counterpoise corrections were calculated for the CC SD (T) 
approach. BSSE corrections for each complex size were 
relatively small for B3LYP, B3P86, M06, and cam-B3LYP
levels (<5 kJ/m ol), whereas corrections for cam-B3LYP/TZVP 
were larger, generally around 8 kJ/m ol. These corrections 
improve the agreement with experimental BDEs for n = 4  and
1, and worsen the agreement for n = 2 and 3 by further 
underestim ating the experim ental values. Overall, BSSE 
corrections make very little difference in the mean absolute 
deviation (M AD) from experimental values for all levels of 
theory. All further comparisons between experimental and 
theoretical BDEs will be made with the BSSE corrected values, 
with the CC SD (T) results being a notable exception. Figure 4
Article
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shows the comparison of these theoretical BDE energies with 
experiment for C u O H + (^ O )n  where n = 1 -4 .
0 J-------- - ---------------- 1----------------- .----------------- .----
n = 1 2 3 4
-h2o -h2o -h2o -h2o
Figure 4. Comparison of experimental (solid symbols) and theoretical 
(open symbols) hydration enthalpies at 0 K for B3LYP, B3P86, M06, 
CCSD(T), and cam-B3LYP results (with BSSE corrections except for
CCSd (t )) fTom Table 3.
The BDEs at the B3LYP, B3P86, M06, C C SD (T), and cam- 
B3LYP levels o f  theory maintain reasonable agreement among 
each other, with values agreeing within 9 and 11 kJ/m ol for 
n = 4  and 2, respectively. For n = 3 and 1, variations o f  11-25  
and 1 1 -23  kJ/m ol, respectively, are found for CC SD (T) BDEs 
from BDEs calculated by a majority o f the other levels of 
theory. In general, agreement with experiment is good, with 
theory overestimating BDEs for the n = 1 and 4  complexes, and 
underestimating them  for n = 2  and, with the exception of 
CC SD (T), n = 3. Overall, theory predicts BDEs in reasonable 
agreement with experiment with mean absolute deviations 
(MADs) o f 16.2 (B3LYP), 14.7 (B3P86), 12.0 (M 06), 8.9 
(C C SD (T)), and 14.7 (cam-B3LYP) kJ/m ol. These differences 
are somewhat larger than the mean experimental uncertainty of 
5.5 kJ/mol.
Calculated values o f the H O -C u+(H 2O) BDE can be found 
in Table 4. In accord with experimental results, all five levels of
Article
theory predict that the dissociation o f C uO H +(H 2O ) to form 
CuOH+ + H 2O is higher in energy than the dissociation to 
form Cu+(H2O) + O H. Experiment measures this difference as 
5.7 ±  1.7 kJ/mol, whereas B3LYP, B3P86, M06, CC SD (T), 
and cam-B3LYP predict differences o f  5.2, 3.0, 14.7, 36.2, and 
23.0 kJ/m ol, respectively. Clearly, C C SD (T) underestimates 
the H O -C u+(H 2O) BDE badly.
Comparison to Literature Theoretical Values. Garand
and co-workers calculated the theoretical bond energies for 
C uO H +(H 2O )3 dissociating to C uO H +(H 2O )2, C uO H +(H 2O), 
and C uO H + using a Coulomb attenuating m ethod (cam) at the 
cam-B3LYP/TZVP level with no BSSE corrections.25 These 
values are in excellent agreement with the experimental values 
for the  C u O H +(H 2O ) 3 and  C u O H +(H 2O ) 2 com plexes 
measured here and slightly outside o f the experimental 
uncertainty for C u O H + (^ O ) , leading to a MAD o f 14.0 kJ/ 
mol. For the present study, we independently calculated BDEs 
for the CuO H +(H 2O)n complexes, where n = 1 -4 , at the same 
level used by Garand and co-workers in order to obtain a value 
for the n = 4  complex and for loss o f O H  from C uO H +(H 2O). 
BDEs calculated here for water loss from the n = 1 -3  
complexes reproduce their values. The BDE at this level for the 
n = 4  complex with (and without) BSSE corrections is 76.0 
(80.5) kJ/m ol, which is less accurate than the other five levels 
o f theory, being higher than the experimental value by >19 kJ/ 
mol. The addition o f this BDE to those calculated by Garand 
and co-workers yields a MAD from experiment o f 15.3 (15.4) 
kJ/m ol. To further evaluate the cam-B3LYP approach, as noted 
above, SPEs for cam-B3LYP were also calculated using the
6-311+G (2d,2p) basis set and the B3LYP/6-311+G(d,p) 
geometries. BDEs from those calculations yield a comparable 
MAD from experiment o f 14.7 (14.6) kJ/m ol and improve the 
agreement with the other levels o f theory compared to cam- 
B3LYP/TZVP, Table 3. The differences are presumably mainly 
a result o f the diffuse functions in the 6-311+G(2d,2p) basis set 
here.
Trends in the Bond Dissociation Energies. Previous 
work in this lab measured the dehydration energies for 
Cu+ (H 2O)n where n = 1 -4 . Comparison o f those values to 
the values determ ined in the present work can be seen in Figure
Table 4. C om parison o f  Experim ental 0 K B ond Energies (kJ/m ol) to  T heoretical V aluesa
bond expt B3LYPb B3P86b M06b CCSD(T)b cam-B3LYPb cam-B3LYP/TZVPc
Cu+(H2O)n.I-(H2O)
n =4 54.4 ± 4.8d 59.7 (57.9) 60.2 (62.2) 58.9 (61.0) (59.4) 61.8 (64.4) 68.9 (72.1)
3 56.9 ± 7.7d 61.8 (63.8) 64.5 (66.5) 62.3 (64.5) (62.5) 66.6 (68.5) 72.9 (76.2)
2 169.8 ± 6.8d 158.8 (161.9) 163.0 (166.2) 156.8 (160.7) (152.7) 162.4 (165.4) 175.2 (183.5)
1 157.3 ± 7.7d 161.7 (163.7) 163.9 (166.0) 156.2 (158.2) (148.8) 177.3 (179.3) 173.8 (180.0)
MADe 6.8f 6.4 (6.2) 6.7 (7.4) 6.0 (6.1) (9.1) 11.1 (12.0) 13.1 (18.4)
HO-Cu+^O),
n = 4 165.2 ± 16.2g 136.8 (140.6) 152.3 (156.2) 146.7 (151.3) (141.2) 147.5 (151.3) 139.3 (148.8)
3 162.7 ± 14.1g 132.1 (135.8) 146.8 (150.7) 137.4 (142.0) (131.2) 139.1 (142.5) 131.3 (140.4)
2 130.3 ± 11.3g 126.4 (129.8) 135.8 (139.3) 119.6 (123.3) (99.4) 124.4 (127.6) 118.1 (125.1)
1 173.7 ± 4.8h 184.8 (188.3) 192.1 (195.8) 170.8 (175.0) (143.5) 176.1 (179.5) 180.1 (186.6)
0 151.5 ± 8.0g 158.1 (158.1) 162.6 (162.6) 142.8 (142.8) (112.6) 155.9 (155.9) 155.7 (155.7)
MADe 10.9f 16.1 (14.6) 12.8 (12.6) 13.2 (10.3) (31.1) 10.8 (9.4) 16.0 (12.2)
overall MAD6’1 8.0/;i 13.2 (12.5) 11.5 (11.7) 10.6 (9.5) (17.5) 12.1 (14.9) 14.9 (15.0)
^Theoretical values with (without) BSSE corrections. bSingle point energies calculated at the indicated level using a 6-311+G(2d,2p) basis set and 
B3LYP/6-311+G(d,p) geometries and zero point energies. ^Geometries optimized at cam-B3LYP/TZVP level of theory. dValues from Dalleska et 
al.22 eMean absolute deviations from experimental BDEs. fMean experimental uncertainty. gDerived values from thermodynamic cycles, Figure 5. 
^Measured here. includes all values in this table and Table 3.
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5. The BDEs for the C uO H +(H 2O )n system consistently 
increase by 3 2 -3 7  kJ/m ol as n decreases until n = 1, at which
Figure 5. Comparison of present experimental results (blue arrows, 
left side) with those of Dalleska et al. (red arrows, right side, ref 22). 
Derived BDEs for the loss of OH lie in between (green arrows).
point formation of either CuOH+ or C u + (^ O )  requires ~50 
kJ/m ol more. By comparison, the energy required to remove 
sequential waters from Cu+(H2O)n is nearly the same for the n 
= 4  and 3 complexes and is much smaller than for n = 1 and 2, 
with n = 2 being larger than n = 1 by 12.5 kJ/m ol .22 The 
decrease in going from n = 1 to 2 and the jump in BDE 
between the n = 2 and 3 complexes for that system were 
determined to arise from the strong electronic effect associated 
with 4 s -3 d a  orbital hybridization .79 Michl and co-workers21,28 
and Squires and co-workers29 saw similar trends, and the 
former suggested that the large decrease in BDEs after n = 2 
indicated that Cu+ prefers a CN  = 2. Clearly, this pattern of 
BDEs is not reflected in the C u O H + (^ O )n  system. As 
discussed in our previous work,26 this can be attributed to a 
change in the 3d orbital population. Cu+ has a closed 3d10 
configuration, which means that 4 s -3 d a  hybridization is used 
effectively to remove electron density from along the a  axis 
allowing stronger bonding, but only for the first two ligands. 
Thus, Cu+ prefers CN  = 2, as shown in Figure 1b. In contrast, 
the copper in C uO H + is largely 3d9 because the hydroxide acts 
as a strong electron withdrawer, effectively making the complex 
Cu2+O H - . This explains the preference for C N  = 4  as the 3d9 
configuration  o f  C u2+ prefers a square p lanar ligand 
coordination according to ligand field theory. For both systems, 
the energy required to remove the fourth water is the same 
within experimental uncertainty, consistent with a second shell 
water ligand, Figure 1.
It is interesting to note that the Cu+- O H 2 BDE is smaller 
than the C uO H +- O H 2 BDE; however, this is a comparison 
between CN  = 1 and CN = 2 systems. Therefore, a fairer 
comparison may come from complexes having the same CN,
i.e., loss o f  water from Cu+(H2O )2, 169.8 ±  6.8 kJ/mol, and 
CuO H +(H 2O), 179.5 ±  4.8 kJ/m ol. By either metric, the 
binding of the last water to the C uO H +(H 2O )n system is 
stronger. This can be attributed to the Cu2+O H -  character of 
the C uO H + species, such that interactions o f the copper center 
with electron donors like water are stronger than in the Cu+ 
charge state.
Derived Thermochemistry of Copper Ion Hydration.
Using the experimentally determ ined BDEs from both  the
CuO H +(H 2O)n and Cu+(H2O)n systems, values for the loss of 
the O H  ligand from C uO H +(H 2O )n where n = 0 and 2—4, are 
derived, as shown in Figure 5. For the larger complexes, it is 
now evident that loss o f  the water ligand is thermodynamically 
preferred over loss o f the O H  ligand, explaining why the latter 
channel is not observed until the n = 1 complex. The derived 
BDE for dissociation o f O H  from C uO H + is 151.5 ±  8.0 
kJ/mol, which can be compared with other CuX+ complexes 
where X is an isovalent radical ligand, CH 3 and N H 2. Previous 
work in this lab found that the BDE of C uC H 3+ is 111 ±  7
kJ/m ol80,81 and that for C uN H 2+ it is 192 ±  13 k3J /m o l .81,82 In 
all three o f these molecules, a covalent bond can be made 
between the radical ligand and the 4s electron o f Cu+. This 
requires prom otion of an electron from the closed 3d10 ground 
state configuration to a 4s13d9 configuration where the 4s 
electron is spin decoupled from the d electrons. For Cu+, this 
prom otion energy is 292 kJ/m ol, the highest among all the 
first-row transition metal cations. This is consistent with all 
three CuX+ BDEs being the lowest values determ ined across 
the periodic table for first-row transition metals.81
The CuOH+ BDE of 151.5 ±  8.0 kJ/m ol falls in between the 
values for CuCH 3+ and C uN H 2+, which contrasts with results 
for any other first-row transition metal.81 In these systems, the 
BDEs of M+—O H  > M+—N H 2 > M+—C H 3 because the lone 
pairs o f electrons on the O H  and N H 2 ligands donate into 
empty or half-empty orbitals on the metal forming dative 
bonds. For early metals, which have empty 3d orbitals, the 
MOH+ BDEs exceed M C H 3+ BDEs by 253 ±  13 kJ/m ol and 
M N H 2+ BDEs exceed M C 3H3+ BDEs by 115 ±  16 kJ/m ol. 
Thus, the dative bonds average 126 ±  19 kJ/m ol for metal 
cations having two empty d orbitals (S c -V ). As one moves to 
the right in the periodic table, the d orbitals become occupied. 
For M n -C o , which each have at least two singly occupied d 
orbitals, M O H + BDEs exceed M C H 3+ BDEs by 120 ±  21 
kJ/m ol and M N H 2+ BDEs exceed M C H 3+ BDEs by 52 ±  19 
kJ/m ol. In each case, these enhancements are about half those 
o f the early metals, consistent with donation into a singly 
occupied orbital instead of an empty one. O n this basis, Cu+ 
with a 4s13d9 configuration (where the 4s electron is needed to 
form the covalent bond) has only one singly occupied d orbital, 
such that both  C uN H 2+ and C uO H + might be expected to 
exceed the C uC H 3+ BDE by 57 ±  17 kJ/m ol (the average 
dative bond strength for late metal cations), as each ligand can 
form only one-half-dative bond. Experimentally, the enhance­
ments are 81 ±  15 and 40 ±  11 kJ/m ol, respectively, both 
within experimental uncertainty o f the predicted result, but on 
the high and low side, respectively. The O H  BDE may be 
lowered in this case because the doubly occupied 3d orbital 
interacts repulsively with the second lone-pair orbital on 
oxygen. In addition, variations can occur as a result o f  the 
extent to which the Cu2+X-  configuration contributes to the 
molecule. Given the electron affinities o f N H 2 and OH, 0.77183 
and 1.82767 eV,84 respectively, the latter ligand will clearly 
induce more Cu2+ character. This potentially contracts the 3d 
orbitals and expands the heteroatom  lone-pair orbitals such that 
overlap contributing to effective dative bonding is reduced.
Comparison of Literature and Derived Experimental
Values with Theory. To provide a more comprehensive 
evaluation o f the experimental and theoretical thermochemistry 
for copper hydration, BDEs for both Cu+(H2O )n n = 1—4, of 
Dalleska et al.,22 and derived values o f 2HOn-Cu+(H 2O )n, 
n = 0—4, are compared to theoretical BDEs determ ined at 
the same levels used above. BDEs at all levels o f  theory, with
Article
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Figure 6. Comparison of experimental (solid symbols) and theoretical (open symbols) hydration enthalpies at 0 K for B3LYP, B3P86, M06, 
CCSD(T), and cam-B3LYP results (with BSSE corrections except for CCSD(T)) from Table 4 for (a) Cu+(H2O)n dissociating to lose H 2O and (b) 
CuOH+(H2O)n dissociating to lose OH.
Table 5. Conversion o f  0 K T hresholds to  298 K Enthalpies and  Free Energies (k J/m o l)a
bond AH0b AH2,8 - AH0c A T A S 2,8C AG2,8
CuOH+(H2O)„_I-(H2O)
n =4 56.9 (6.3) 4.6 (0.5) 61.5 (6.3) 44.0 (1.0) 17.5 (6.4)
3 89.3 (3.3) 3.1 (0.5) 92.4 (3.3) 42.3 (1.2) 50.1 (3.6)
2 126.4 (7.6) 2.5 (0.5) 128.8 (7.6) 35.0 (1.2) 93.7 (7.8)
1 179.5 (4.8) 3.3 (0.5) 182.7 (4.8) 
Cu+(H20)„.r (H20)
39.0 (1.3) 143.7 (5.0)
n = 4 54.4 (4.8) 2.0 (0.3) 56.4 (4.8) 35.3 (1.2) 21.1 (4.9)
3 56.9 (7.7) 2.5 (0.4) 59.4 (7.7) 32.6 (1.1) 26.7 (7.8)
2 169.8 (6.8) 0.7 (0.4) 170.5 (6.8) 33.5 (0.5) 137.0 (6.9)
1 157.3 (7.7) 4.1 (0.3) 161.4 (7.7) 
H0-Cu+(H20)„
28.9 (0.5) 132.4 (7.7)
n = 4 165.2 (16.2) 9.3 (0.6) 174.5 (16.2) 61.0 (0.7) 113.5 (16.2)
3 162.7 (14.1) 5.5 (0.6) 168.1 (14.1) 47.1 (0.9) 121.0 (14.1)
2 130.3 (11.3) 4.9 (0.5) 135.1 (11.3) 39.2 (0.8) 96.0 (11.3)
1 173.7 (4.8) 3.1 (0.4) 176.8 (4.8) 35.9 (0.9) 140.8 (4.8)
0 151.5 (8.0) 3.9 (0.2) 155.4 (8.0) 24.1 (0.3) 131.3 (8.0)
^Uncertainties in parentheses. ^Experimental values from this work (Tables 3 and 4). cValues are calculated from the vibrational frequencies and 
rotational constants calculated at the B3LYP/6-311+G(d,p) level. Uncertainties are found by scaling the frequencies up and down by 10%.
(and without) BSSE corrections, for all these systems are given 
in Table 4  with structures found in Figure 1b.
Geometries for the Cu+(H 2O )n systems, calculated at the 
B3LYP/6-311+G(d,p) level, show C u -O  bond lengths o f 2.05 
A  for n = 1 and 1.92 A  for n = 2  with an O CuO  bond angle of 
180°. Addition o f the third and fourth water ligands occurs 
preferentially in the second solvent shell, such that the C u -O  
bond distances are now 3.99 and 4.01 A, respectively. Oxygen 
atoms in the n = 3 isomer are coplanar with the Cu center, 
whereas the fourth water for n = 4  is ~120° out o f  this plane. 
These results agree with several previous theoretical stud-
ies.23,79,85,86 For the Cu+(H 2O )n system, Figure 6a shows that
experiment and theory agree very well with MADs of 6.4 
(B3LYP), 6.7 (B3P86), 6.0 (M 06), 9.1 (C C SD (T )), and 11.1 
kJ/m ol (cam-B3LYP). These values are similar to the average 
experimental error o f  6.8 kJ/m ol. In all cases, BDEs calculated 
at the cam -B3LY P/TZV P level are m uch higher than 
experiment, with a MAD of 13.1 kJ/m ol. A t n = 3 and 4, all 
levels of theory are on the high side of the experimental results, 
whereas at n = 2 , all levels of theory are on the low side of the 
experimental results except for cam-B3LYP/TZVP. For n = 1,
the largest variance in theoretical BDEs results in values both 
slightly higher and slightly lower than the experimental value, 
yet within experimental uncertainty except for the cam-B3LYP 
approaches.
Likewise, theoretical values for the dissociation of O H  from 
C uO H +(H 2O )n compare well with the derived experimental 
values, Table 4  and Figure 6b. For n = 3 and 4, all levels of 
theory are on the low side of the derived values, whereas at 
n = 1  and 2, the agreement is quite good and is generally within 
the uncertainty of the derived values except for the CC SD (T) 
values. MADs for the O H  BDEs of 16.1 (B3LYP), 12.8 
(B3P86), 13.2 (M06), 31.1 (C C SD (T)), and 10.8 kJ/m ol 
(cam-B3LYP) are generally comparable to the 10.9 kJ/m ol 
average experimental uncertainty for the derived values. For 
consistency, we report these MADs with BSSE corrections; 
however, because theory tends to underestimate these derived 
values, Figure 6b, BDEs without such corrections actually 
improve agreement slightly.
O v e ra ll  M A D s fo r  th e  C u O H + (H 2O ) n. 1- ^ 0 ), 
Cu+(H2 0 )n.1-(H 2 0 ), and H 0 -Cu+(H2 0 )n BDEs for all levels 
of theory are included in Table 4. It can be seen that most
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levels o f  theory are comparable with MADs from experiment of 
10 -15  kJ/m ol. That for C C SD (T) is larger primarily because 
o f the H O-Cu+(H 2O)n discrepancies.
Conversion from 0 to 298 K Thermodynamics. A  rigid
rotor/harm onic oscillator approximation was applied to convert 
the 0 K bond energies into 298 K enthalpies. This was achieved 
using the theoretical vibrational frequencies scaled by 0.989 and 
rotational constants o f  the complexes. The uncertainties in 
these conversions were obtained by scaling the vibrational 
frequencies up and down by 10%. These conversion factors 
were used to determine A H 298 and AG298 values listed in Table
5. N ote that this approximation may not be suitable for all cases 
because o f the inaccuracy of low-frequency torsional motions. 
For the CuO H +(H 2O)n_1-(H 2O ) systems, AHo and AG298 
values increase with decreasing complex size. The decrease in 
entropy from n = 4  to n = 2 can be attributed to the hydrogen 
bonding between adjacent water ligands, which play a smaller 
role as the complex size decreases and ligand spacing increases. 
For the n = 1 complex, the higher cross section for loss o f  H 2O 
from the n = 1 reactant above 3 eV indicates that it is 
entropically favored compared to loss o f  OH. This result is 
reproduced quantitatively in Table 5 by the larger TAS298 value 
o f the n = 1  ^  CuOH+ + H 2O dissociation. For the 
Cu+{H2O )n-r(H 2O) systems, AG298 values track with AHo; i.e., 
they are similar for n = 3 and 4  and much larger for n = 1 and 2 
with n = 2 slightly higher in energy. The TAS298 values for this 
system are relatively unchanged across all complex sizes 
indicating that simple A-type hydrogen bonding seen in the n 
= 3 and 4  complexes does very little to change the entropy. 
Finally, for the H O -C u + (^ o )n  systems, the TAS298 values 
have the largest range o f  all systems investigated and, like 
CuO H +(H 2O)n.1-(H 2O), decrease with complex size.
As m entioned above, water loss proceeds over a loose TS. A 
metric for the looseness o f a TS is the entropy o f activation at 
1000 K, as shown in Table 2 for the CuO H +(H 2O)n-1-(H 2O) 
systems. For all complexes examined, this value is positive and 
relatively large, which is consistent with a loose TS. Overall, the 
trends in the entropies o f activation track with the dissociation 
entropies, decreasing with complex size and larger for the 
CuOH+ product than for the C u + { ^ O ) product. Across all 
systems and complex sizes, TAS298 values for O H  loss are larger 
than those for H 2O loss except at n = 1 where loss o f H 2O from 
CuO H +(H 2O) is larger. For the larger complexes, this result 
can probably be attributed to the strong polarizing interaction 
o f the O H  ligand in the C u O H + {^O )n  complexes, which 
constrains the geom etry o f  C u O H + { ^ O )n  m ore than 
Cu+(H2O)n.
■  CONCLUSION
Energy-resolved threshold collision-induced dissociation with 
Xe is performed on C u O H + (^ O )n  where n = 1 -4 . The 
primary dissociation pathway of the n = 2 - 4  reactants is loss of 
a single water molecule followed by the sequential loss of 
additional water molecules at higher collision energies. 
Interestingly, dissociation o f the O H  ligand is energetically 
more favorable than loss o f the H 2O at n = 1, although loss of 
the H 2O is entropically favored at higher energies. Statistical 
analysis o f the TCID  data is used to obtain 0 K bond energies 
for all dissociation pathways. These energies are converted to 
obtain thermodynamic values at 298 K using a rigid ro to r/ 
harm onic oscillator approxim ation. D issociation energies 
increase by similar amounts with a decrease in complex size 
for n = 2 -4 , whereas the n = 1  complex requires ~40  kJ/m ol
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more energy for loss o f  either ligand. In addition, by combining 
the present results with literature data for Cu+(H2O)n where n 
= 1 -4 , the hydroxide BDEs in all four C uO H + (H 2O)n 
complexes where n = 0, 2 -4 ,  are derived. The BDE for 
CuOH+ is compared to other metal hydroxide cation BDEs and 
found to  align nicely w ith  expected  period ic  trends. 
Experimental BDEs for the CuO H +(H 2O)„ complexes are 
measured here for the first time and compare favorably to 
BDEs calculated at the B3LYP, B3P86, M06, and CCSD(T) 
levels o f theory. M P2(full) calculations show anomalous results 
for these small complexes. Similarly good agreement is also 
found for H O -C u + (^O )n  and C u + (^ O )n  complexes although 
C C SD (T) values for the hydroxide bonds are systematically 
low.
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CHAPTER 6
KINETIC ENERGY RELEASE DISTRIBUTIONS WITH A 
GUIDED ION BEAM TANDEM MASS SPECTROMETER
6.1 Introduction
The use of kinetic energy release distributions (KERDs) to probe the potential 
energy surface of unimolecular reactions is a practice with roots that trace back to the 
early ’30s.1 It was not until the early ’70s that the modern KERD experiments came 
about in the form of metastable ion measurements using double-focusing mass 
spectrometers.2, 3 Traditionally, KERD studies are conducted using photoionization2, 4 
photoion-photoelectron co-incidence spectroscopy (PIPECO)3, 5 6, or collision-induced 
dissociation (CID)7, 8 9 techniques with product ion measurements performed by either 
electrostatic analysis10 or time of flight (TOF)7 Comparisons of these techniques with 
each other for analogous KERDs have helped outline the principles of collision
8 11 12 13dynamics ’ ’ ’ and have greatly improved our understanding of unimolecular 
decomposition.
The development of the electrospray ionization source (ESI)14 has allowed the 
study of a much wider breadth of systems by mass spectrometry than what was possible 
in the early days of KERD measurements. Despite this development, most KERD studies 
have only investigated diatomic and small polyatomic ions. Large polyatomic systems 
are, however, routinely studied with ESI on our guided ion beam tandem mass
spectrometer (GIBMS)15, which has proven capable of obtaining accurate 
thermochemistry for a variety of systems,16, 17, 18, 19, 20 although this technique has 
generally been employed to measure cross-sections rather than KERDs. The excellent 
accuracy of the data obtained from these cross-section measurements has prompted the 
use of the ESI-GIBMS to measure KERDs. An extensive search of the literature reveals 
that this marks the first attempt to quantitatively measure the KERDs using GIBMS 
techniques. Similar studies include an investigation by Stace et al. that measured the 
experimental peak-profiles of small-chain alcohols using a crossed-beam apparatus, 
although the analysis was largely qualitative.8 A different study by Garcia et al. utilized 
electrostatic analysis to measure the KERD of C+ and O+ resulting from CID of CO+ with 
He.21 Comparison of these distributions with theory was carried out in the absence of 
statistical models that are necessary for larger systems and as such has little overlap with 
the types of examinations performed here.
The systems examined in the present work are particularly challenging because of 
the complexity of the models required to analyze them. The methods for modeling 
KERDs are as old and diverse as the experiments themselves. Most unimolecular models 
rely on a set of now commonplace statistical assumptions: that the reactant molecule 
passes through a transition state that represents a maximum in the reaction coordinate, 
and that the distribution of energy to the quantum states of that transition state is random, 
such that energy is partitioned statistically. Commonly used statistical approaches for 
modeling KERDs include phase-space theory (PST)22, orbiting transition state PST 
(OTS/PST),13and a reformulated quasi-equilibrium theory (QET)23. There is also a 
variety of analytical methods worth acknowledging including finite heat bath theory
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(FHBT)24, the model free approach,25 and the prior method.26
Thermodynamic information from the GIBMS is extracted using a statistical 
model with a basis in RRKM27, 28, 29 developed by Armentrout et al.30, 31 This model has 
evolved over the years to incorporate lifetime effects, competitive pathways, and a 
treatment of rotors corresponding to the phase space limit. Because KERDs are not 
directly given by RRKM, a reformulation of this statistical model was required.
PST and QET methods are generally used over RRKM methods to reproduce 
KERDS. This can be attributed to the widely held notion that KERDs are measured 
properties of the products13, 32 which are explicitly considered using the former methods, 
whereas RRKM methods only consider the transition state species and are therefore 
better suited for reaction rate calculations. For reactions proceeding over loose transition 
states, however, the methods are analogous.23 Simple bond cleavages proceed over loose 
transition states and have been successfully modeled in the Armentrout lab for the last 30 
years. Therefore, it stands to reason that KERDs of those reactions can be modeled using 
the same statistical methods currently employed in the Armentrout lab. Doing so gives 
the ability to extract complementary thermodynamic data for a given chemical system 
(i.e., cross sections and  KERDs) using only one instrument.
To realize the benefits of examining KERDs, it is instructive to understand the 
different potential energy surfaces through which a reaction can proceed. The first 
surface is that of a loose transition state, which is characterized by an increase in energy 
from the reactant that levels off asymptotically upon product formation, see Figure 6.1a. 
The transition state, in this case, is achieved with negligible energy to the reverse 
reaction. The KER to products has a statistical distribution that falls off rapidly at high
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product KE and has a maximum at very low energies because of conservation of angular 
momentum33. The KERDs for loose transition states are very much a measurement of the 
internal energy excitation of the reactant ion.5
The second surface is that of a tight transition state which is characterized by a 
barrier to the reverse reaction, see Figure 6.1b. In the absence of any dynamic effects, 
generally referred to as exit channel interactions, this barrier energy is released 
exclusively to the KE of the products.13 The KERD for such a scenario would resemble 
that of the loose transition state but shifted to higher energies by an amount 
corresponding to the barrier height.13 In most cases, however, dynamic effects do exist 
and coupling between the reaction coordinate and various other modes causes 
nonstatistical broadening in the KERD.13, 32 Nonetheless, the maximum of the KERD is 
representative of the height of the barrier to the reverse reaction.
In order to obtain bond dissociation energies (BDEs) with threshold collision 
induced dissociation (TCID) methods, reactants must be given enough energy to form 
products. For systems with a loose transition state, this is simply a matter of increasing 
the reactant kinetic energy until it exceeds that of products. For systems with a tight 
transition state, the reactant kinetic energy must overcome the barrier to the reverse 
reaction before products are formed. Because of this barrier, the experimental BDE is 
better described as the bond enthalpy. To obtain the true BDE we need only to subtract 
the barrier energy from the bond enthalpy.
Described below are our attempts to develop the statistical model of Armentrout 
et al. in such a way that it is capable of modeling KERDs from loose transition states.
This is an ideal first step as it allows us to compare our model to statistically behaved
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distributions. To test our model, we have obtained KERD data from three different 
systems: Ca2+(H2O)n, where n = 4 -  8, CuOH+(H2O)n, where n = 2 -  4, and H+Gly, all of 
which were collided with Xe to form products. These systems represent reactants of 
varying charge, mass, and transition state type. The experimental setup used to obtain 
these data and the theory behind the statistical model is explained here in detail. A 
comparison between experimental data and the KERD model is made and a thorough 
analysis of the results is given.
6.2 Experimental
6.2.1 Instrumentation
The instrument used to obtain KERDs is a guided ion beam tandem mass 
spectrometer (GIBMS) that is described in detail elsewhere.15, 34 Briefly, ions are created 
in an ESI14 and then thermalized through collisional cooling with ambient gas in an ion 
funnel/hexapole.35, 36 This ensures that the internal energy of the reactant ions can be 
described by a Maxwell-Boltzmann distribution centered at room temperature, as shown 
previously37, 38, 39, 40, 41, 42. The reactant ion beam is then selected using a magnetic 
momentum analyzer and is decelerated to a well-defined kinetic energy before being 
injected into an octopole ion guide36 that is encompassed by a collision cell. After 
collisions with Xe, product and residual ions drift out of the octopole where they are mass 
selected using a quadrupole mass filter before being detected using a Daly detector.43
The main difference between operation of the GIBMS to obtain TCID cross 
sections and operation of the GIBMS to obtain KERD data lies in the setup of the 
octopole region. This region consists of two octopoles in series with the collision cell 
containing the end of the first octopole. The double octople arrangement was
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implemented to offer higher resolution for TOF measurements than the previous single 
octopole and is described in detail elsewhere.34 For cross section measurements, the first 
octopole voltage is swept across the reaction energies of interest and the second octopole 
floats on the first octopole voltage with a -0.3 V bias to help carry ions to the detector.
For KERD data, the first octopole is set to a fixed voltage and the second octopole 
voltage is swept across an ion stopping potential.
6.2.2 Experimental Methods
Sample preparation for the Ca2+(H2O)x and CuOH+(H2O)x systems consisted of 
dilution of CaCl2 and CuSO4 (H2O)5 salts, respectively, in neat water to a concentration 
of 1x10"4 M. For the H+Gly system, mM amounts of acetic acid were added to a 1x10"4 M 
solution of Glycine in neat water to ensure protonation of Glycine. The electrospray 
needle voltage was operated at ~2 kV with the sample flowing at a rate of ~0.05 mL/hr to 
obtain maximum intensity of the ion beam. The DC drop between the inlet of the 
instrument to the end of the ion funnel was kept below 15 V to minimize collisional 
excitation.37 Ion intensities are converted to cross sections using a Beer-Lambert law 
analogue described elsewhere.15, 44 For each system, preliminary data were taken at 
varying Xe pressures to determine the effect of pressure on the cross section. Product 
channels susceptible pressure to effects were collected at 0.2, 0.1 and 0.05 mTorr and 
then extrapolated to zero pressure, which is rigorously a single-collision event. The 
voltage of ions in the lab frame (Vlab) is converted to energy in the center of mass frame 
(Ecm) by Ecm =  q x Vlab x (m /M ),  where m  is the mass of the neutral, M is the sum of 
the reactant and neutral masses, and q is the charge on the ion. The differential intensity 




In order to successfully model product kinetic energy distributions it is essential 
to understand the fundamental concepts underlying the collisional process. This is best 
achieved by considering the fate of a single reactant ion colliding with a single reactant 
neutral. The dissociation process begins with a voltage, Vlab, being imparted onto the 
reactant ion in the first octopole such that the energy is Elab =  q x Vlab. The quantity, 
Elab, is a sum of E0CM and Ere# . The energy of the center of mass, (E0CM), is conserved 
throughout the process and is E0CM =  Eiab (mlon/ ^ ) . The remaining energy is the 
energy of the reactants relative to the center of mass, Ere#, and is nominally the energy 
available for dissociation.
Upon collision with Xe, the reactant ion and neutral form a short-lived 
intermediate that can survive for several rotational periods before falling apart, such that 
reactive scattering is assumed to be isotropic. The effect of the collision is a transfer of 
kinetic energy into internal modes of the reactant. The amount of energy transferred is 
dependent on the impact parameter and can be described by the line of centers model:
where Edep is the amount of energy transferred (deposited), b is the impact parameter and 
d  is the distance between centers of the reactants. This transfer has been shown to take 
place at high efficiency over the range of kinetic energies typically used in GIBMS
(6.1)
studies.34 The probability of a given Edep for any one collision was determined by
Muntean et al. to be34:
P (Edep) =  (Erel -  Edep) n V Erel (6.2)
where n  is an adjustable parameter that is system sensitive. The energy not deposited 
into internal modes remains in kinetic energy of the scattered reactants, Escat.
If the initial internal energy of the reactant, Eint, plus Edep of the energized 
molecule exceed the bond dissociation energy, E0, then the reactant can dissociate to 
form products. For a given dissociation, the excess internal energy of the transition state 
is partitioned between internal and kinetic energy of the products. The kinetic energy 
released to product fragments ranges from all of the excess energy to none of it.
Assuming a statistical partitioning of energy, the probability of having a given KER is 
described by the density of states of the TS, p*(E*) , where E* represents the excess 
internal energy and is equal to Edep +  Eint — E0 . Because the density of states is a 
measure of the internal energy, the probability of a given kinetic energy is p * (E* — e) 
where £ <  E*. Therefore, if  the density of states to the TS is large, there will be a high 
probability of having a fragment with lots of internal energy and little KER.
To summarize thus far, the amount of kinetic energy of a given product is 
composed of contributions from E0CM, which does not change; Escat, which is a function 
of the impact parameter; and e, which is described by the density of states. Physically, 
the retarding potential measurements are a measure of the sum of velocity vectors for 
each of these contributions expressed as a function of energy. The probability of a 
product having a given kinetic energy, Eprod, must therefore be calculated in terms of 
velocities and is described by:
P ( V » $ )  = C ‘“ "m‘ d V s c a t t  d V tS - " $ (Br“ ~!“df ! 1 p* (£* -  £) dEscat (6.3)
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where Eau =  -  m v !u . Integrating from Eprod to Eau accounts for all products with
kinetic energies greater than or equal to Eprod. The maximum of this integral, Eau, is a 
function of v au ,which is a sum of all the contributing factors to the total velocity of the 
products, namely: v aU =  v 0CM +  v scat +  v s . Squaring v aU leads to a number of “cross­
terms” that broaden the distribution of product kinetic energies.32
Eall =  !  ™[V2OCM +  2 (V0CMVScat) +  Z&OCMVe) +  V2scat +  ( v scatVe) +  Vs2] (6.4) 
For this reason, experiments that measure the kinetic energy release as a function of 
energy rather than as function of velocity are generally more precise. It is also the reason 
that P(Eprod) cannot simply be thought of in terms of energy. The terms needed to 
calculate v aU, namely v scat and vs, are supplied through the first two integrals, the limits 
of which prevent nonreal probabilities of Eprod. The third term, v 0CM, is a constant
given by E0CM =  ^ m v^CM . The limits of the first two integrals are defined as follows:
^scat,max
— Eq +  Ei n t (6 5) 
V — 2 (ESCat +  Eint ) /  (6 6)
V! —^  prod (66)
It is important to keep in mind that for both the scattering and KER events, the velocity 
carried away by separating masses, v a and v b, is a ratio of the total velocity, v, for that 
phenomenon, such that va =  v —  and v b =  v —  . Because we are only interested in thema mb
fate of the fragment ion, the velocity component for the reactant ion after the scattering 
event is v scat,ion =  v scat----- and the velocity component of the product ion for the
! ion
subsequent KER event is v E,PI =  v s c a t where the quotient corresponds to the mass of 
the product neutral over the mass of the product ion.
The distribution of scattering angles must also be taken into account. The 
experimental measurement of this distribution is the projection of the scattering angle 
along the axis of the ion guide, cos (6)  . The probability of the cos(0) projection is 
sin(0) such that Eprod is:
P ( l w )  =  Jo” d$  d l W . C '  ,lne(Er‘^~r ‘ a‘r)" 1 p*(E' -  O  dEscat
(67)
where v scat, and vs in the extended v^u term are now accompanied by cos (6).  In 
practice, the distribution of scattering angles is not always isotropic and is highly 
dependent on the impact parameter. It has been shown that for collision energies near 
threshold, products assume isotropic scattering while collision energies in excess of the 
threshold tend to scatter forward in the center of mass frame.34 Assuming 100% 
efficiency of energy deposition along the line of centers, the minimum amount of energy 
that must be deposited in order to form products corresponds to a minimum impact 
parameter that translates to a minimum scattering angle, fimin:
co s2pmin =  Ed‘# +  E‘ -  E° / e  (6.8)
where fimin =  90° corresponds to isotropic scattering while fimin =  0° corresponds to 
forward scattering. The justification for this relation can be found in detail elsewhere.34 




For some reactions, the lifetime for dissociation may be longer than the 
experimental window. To account for this, we introduce a probability for dissociation in 
the experimental timeframe using statistical rate theory. Lifetimes for all energized 
molecules are obtained by taking the inverse of the unimolecular rate constant, 
k(Ereact) =  k(Edep +  Eint), which is defined by RRKM theory as:
Ereact) (Ereact Eq) / h p (Ereac%) (69)
where s is the reaction degeneracy, N * (Ereact — E0) is the sum of states to the transition 
state, and p(Ereact) is the density of states of the energized molecule. Including the 
lifetime requirement into the model gives:
P(E,r#!) =  %  ^6 / ^ “ ' - “ ( l  -  e - ! (W <> !)dVsca$ £  dVc $ A dEsc#t (6 .10)
where t  is the experimental time available for dissociation and 
A =  sin$ Erel Edev)—  p*(E* — e). In the limit that the lifetimes of the complex are
! rel
extremely small, this equation recovers eq. (6.7).
6.2.5 Angular Momentum
Finally, the energetic consequences of angular momentum on the KERD must be 
addressed. To begin, it is important to remember that the total angular momentum, J, 
must be conserved throughout the collisional process. This means that J =  JR +  L where 
Jr =  Jpn +  Jpi corresponding to the rotational angular momenta of the product neutral 
and product ion, respectively, and L is the orbital angular momentum. In the PSL 
treatment by Armentrout et al., the rotational angular momentum of the products, JR, is 
approximated by the 2D external rotations of the EM and is coupled with L.31 Energy in
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these motions therefore is unavailable to the EM for dissociation. This changes the rate 
constant such that:
KEreact> J) =  sN*{Ereact -  E*(J) -  E0) /h p (E react -  Er (/) )  (6.11) 
where E  ^(J) and ER (J) are the energies in the 2D external rotations of the TS and the 
EM, respectively. The relationship between these two rotational energies and the 
collision energy is defined using a variational approach pioneered by Gilbert and Smith27 
and implemented by Armentrout et al.30
£* (/) =  Ve f f (rreact) =  (ne0/ 2 a e 3 ^ 2)(h 2 Er (j ) / h c B ) (6.12)
where E!  (J) is pinned to the position of the centrifugal barrier, which for a loose 
transition state is the energy along the reaction coordinate where the derivative of 
Veff(.rreact) =  0. The value of Er (j ) is described using a statistical average of (ER) 
summed over possible rotational quantum numbers of the 2D rotor:
(Er) =  l i ! # Er (J)g]P (Ereact -  Er U ) ) / I Jj! 0x gjP(Ereact -  Er (J)) (6.13)
!
whereJmax =  ^  1 +  -  1 ) / 2 .
There are several interesting consequences of angular momentum’s role in the 
collision. The first consequence deals with the 2D external rotations described above.
The rotational constants for both the TS (B *) and the EM (B) are a function of the 
moment of inertia, /, such that B* =  h /8 n 2c l* and B =  h /8 n 2cl. Because I* increases 
as the TS moves towards products, E!  (J) becomes smaller than ER (/), thereby increasing 
the unimolecular dissociation rate.
The second consequence deals with the orbital angular momentum, L. The total 
angular momentum of the collision complexes, J, is predominantly expressed
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postcollision as L. Large L-values result in large centrifugal barriers, the energy of which 
is preferentially released into product KE .12 This preferential release into KE is due to 
the fact that after passing over the centrifugal barrier, the products fall down the repulsive 
wall and dissociate before they are able to adequately redistribute the energy.45 To 
account for this preferential release of energy to the KERD, we add the orbital angular 
momentum to the KE of the products such that v au =  v 0CM +  v scat +  vs +  v t where 
L =  (J(J +  1)h2 ) 1/2. The effect is the introduction of more cross terms and an increase 
in the high energy portion of the KERD.
Unfortunately, we were unable to incorporate several of the above mentioned 
factors into the software version of our statistical model, including angular momentum 
and lifetime effects. As each factor typically requires an additional integration, a 
complete model would have been computationally demanding. Consideration of 
isotropic scattering was also omitted, and was replaced by an assumption that all products 
are forward scattered. This approach was far less demanding and only resulted in minor 
changes to the model, as discussed later. The importance of incorporating each of these 
factors is outlined with examples later in the text.
6.2.6 Theoretical Calculations
Quantum chemical calculations were performed using the same methods 
described in previous chapters. Briefly, densities of state for all transition states were 
obtained using a Beyer-Swinehart-Stein-Rabinovitch46, 47, 48 algorithm. Vibrational 
frequencies for the transition states as well as for the reactants and products were taken 
from electronic state calculations and were scaled by 0.989.49 All electronic state 
calculations were performed using the Gaussian 09 suite of programs.50 Myriad
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structural conformations were probed and optimized to find the low energy isomers and 
their rotational and vibrational frequencies at the B3LYP/6-311+G(2d,2p)51, 52 level of 
theory.
6.3 Results and Discussion
6.3.1 Ca2+(H2O)n
The accuracy of the statistical KERD model was tested against a range of 
systems. These systems presented a variety of collisional scenarios including: 
increasing/decreasing contributions from angular momentum, small/large kinetic shifts, 
and varying charge states. Each scenario and the systems used to test it are presented in 
detail below.
The initial test of our methods was the Ca2+(H2O)6 system. Experimentally, 
Ca2+(H2O)6 was an ideal starting point for this study because of its high signal intensity 
and stable electrospray signal. A comprehensive experimental and theoretical 
investigation of this system was performed by Carl et al. using TCID methods on the 
same GIBMS used in this study.41 From that study, the adjustable parameters, E0 and n 
were obtained for each complex size. These parameters are the same ones needed for the 
KERD model. As such, they served as a good foundation from which the model could be 
tested.
The KERD for Ca2+(H2O)6 was investigated at a nominal 1st octopole voltage of 
1.5 V, which yields 1.68 V after subtracting the zero of energy, and 1.58 eV after 
conversion to the center of mass energy. The result is the dissociation of the reactant to 
form Ca2+(H2O)5 and subsequently, Ca2+(H2O)4, shown in Figure 6.2a. The lower x-axis 
represents the retarding energy in the center of mass frame and the upper x-axis the
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retarding energy in the lab frame. The y-axis is the relative intensity of products. The 
blue trace represents the KERD for Ca2+(H2O)5. Although the shape of the KERD trace 
is very similar to the CID cross sections of Carl et al. shown Figure 6.2b, the only direct 
relationship between the two is that the maximum intensity of the KERD data correspond 
to the CID cross section at the given 1st octopole energy. This point is better 
demonstrated by the Ca2+(H2O)4 trace, which abruptly flattens at a relative intensity of 
~1, and is equal to the cross section for Ca2+(H2O)4 at the same energy. The 1st octopole 
energy of 1.58 eV is given by the black vertical line. At and above this energy on the 2nd 
octopole, the retarding potential is 0 eV or less, and all products are able to pass through 
to the detector. The lower the 2nd octopole energy, the higher the retarding potential such 
that 0 eV on the 2nd octopole corresponds to a retarding potential of 1.58 eV.
In Figure 6.2a, the intensity of Ca2+(H2O)5 has an apparent threshold of ~0.2 eV, 
which corresponds to a product kinetic energy of ~1.58 -  0 .2 = 1.38 eV. The 0 K BDE 
for Ca2+(H2O)6, was found by Carl et al., to be 0.92 eV (0.86 V). Subtracting this BDE 
from the 1st octopole energy yields a maximum product kinetic energy of 1.58 -  0.92 = 
0.66 eV, which is much lower than the 1.38 eV measured here. This difference comes 
from the large amount of internal energy of the Ca2+(H2O)6 reactant at 298 K. Indeed, 
looking at the TCID cross sections of Carl et al. confirms that Ca2+(H2O)6 has enough 
internal energy to dissociate, even at collision energies of 0 eV.
The product kinetic energy of products can be visualized differently by 
subtracting the 1st octopole energy by the 2nd octopole energy, given in Figure 6.2c.
Now, the x-axis represents the product kinetic energy, the vertical black line represents 
the maximum energy, and the apparent threshold is 1.38 eV. Differentiating this intensity
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gives Figure 6.2b. Note the maximum at low energies, which comes from conservation 
of angular momentum. The decrease in product intensity at low energies is slightly more 
pronounced for Ca2+(H2O)5 because it begins to dissociate into the Ca2+(H2O)4 product.
As an initial test of the KERD model, we collected data from the dissociation of 
Ca2+(H2O)6 to form Ca2+(H2O)5 at a 1st octopole voltage of 1.05 eV, which represents 
energy barely in excess of the BDE of 0.92 eV found by Carl et al.41, see Figure 6.3a.
The KERD model, given by the blue line, does an excellent job of reproducing the 
distribution at high energies but underestimates the distribution at lower energies. It is 
worth mentioning, however, that this model has no adjustable parameters. As mentioned 
above, E0 and N are both taken from literature values. Increasing N from the value 
obtained by Carl et al. from 1.1 to 5.0 results in a remarkable fit of the data, given in 
Figure 6.3b. However, changing this parameter does not always guarantee a good fit, nor 
is it advised if meaningful thermodynamic values are to be extracted from the data.
6.3.2 Angular Momentum
Angular momentum has a larger effect on KERDs obtained from CID than it does 
on those obtained from photoionization techniques.12 For this reason, it is crucial that the 
KERD model developed here accurately describe any effects arising from conservation of 
angular momentum. The centrifugal barrier, in particular, needs to be carefully 
accounted for due to its preferential release into product kinetic energy.
The maximum angular momentum of the transition state, as described earlier, is a 
sum of the total rotational and orbital angular momentum of the products, Jr +  L . The 
maximum orbital angular momentum is a function of Ere#, such that increasing Ere# 
increases the maximum angular momentum, / .  When Ere# is large, the total angular
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momentum, J, is mainly comprised of orbital angular momentum of the products, L. As 
L increases, the centrifugal barrier grows and the KER to products is greater.
To demonstrate the importance of including angular momentum effects, the 1st 
octopole voltage was incrementally increased and the KERD measured at each step. The 
KERDs from Ca6w were measured at 1st octopole voltages ranging from 0.9 V, 
representing energy barely in excess of the threshold (0.86 V for Ca6w 41) to 1.8V, see 
Figure 6.4. In each case, the maximum intensity is not achieved until the retarding 
potential goes to 0 eV, again given by the vertical black line. As the collision energy 
increases, so too does the maximum product kinetic energy. The apparent thresholds for 
each system are unchanged at ~ 0.2 eV, which indicates that most of the collision energy 
in excess of the BDE is going into the kinetic energy of the products.
The KERD from a collision energy of 0.9 V is given once more in Figure 6.4a.
As the collision energy increases, shown in Figures 6.4b-d, the KERD model further 
underestimates the low energy region. In all cases, increasing the N value improves the 
fit at lower energies but does not completely reproduce the threshold region for data sets 
taken at high collision energies. The discrepancy at lower energies near the threshold 
highlights contributions to the KERD from the centrifugal barrier and underlines the need 
to include angular momentum, which is presently lacking from the KERD model.
6.3.4 Lifetime Effects
Careful consideration must also be given to products whose lifetimes are larger 
than the experimental window. Often, these products arise when the angular momentum 
is relatively large or the amount of energy deposited into internal modes upon collision is 
relatively small. Both scenarios result from large impact parameters. For a given amount
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of energy deposited into internal modes, the average lifetime increases as a function of 
the complexity of the system. That is, larger systems have larger lifetimes because they 
have more quantum states available into which energy can be distributed.
The KERDs for CuOH+(H2O)3 and CuOH+(H2O) dissociating to lose a water were 
measured on the GIBMS and analyzed using the KERD model, see Figure 6.5. For each 
system, the model shown was created from the parameters found in our previous study. 
For consistency, the collision energy in each case was set to ~0.5 eV in excess of the 
BDE. For CuOH+(H2O) dissociating to form CuOH+, there is excellent agreement 
between the data and the model across the entire energy range investigated, see Figure 
6.5a. As the size of the reactant increases to CuOH+(H2O)3, however, the model is 
unable to reproduce the low energy region of the data, see Figure 6.5b.
6.3.6 H+Gly
As previously indicated, the overarching goal of this study is to establish a 
method for measuring barrier heights. The ability to do so would allow elucidation of the 
bond dissociation energy by subtraction of the barrier energy from the measured bond 
enthalpy. A nice example of the kinetic energy broadening that can be expected from the 
release of the barrier energy to products can be found in the dissociation of H+Gly. This 
system dissociates via two competing mechanisms with similar thresholds. The first 
mechanism is the loss of CO over a tight transition state. The second mechanism 
involves the sequential loss of H2O over a loose transition state. The bond dissociation 
energies for each mechanism were found by Armentrout et al. to be 1.68 and 1.82 eV, 
respectively, with n-values of 0.8 and 1.1, respectively.53 The KERD for each pathway is 
shown in Figure 6 .6 . The KERD from the tight transition state (blue) is much broader
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than that of the loose transition state (red), which is indicative of the non-statistical 
release of energy into translational modes of the product.
The ability to discern between tight and loose transition states is promising for 
measuring the barrier height of the charge separation pathway. At the very least, it 
allows us to measure the maximum kinetic energy released. This could be achieved by 
modeling the KERD from a tight transition state using the statistical model. The 
difference between the threshold predicted by the model and the actual threshold would 
give the maximum kinetic energy released, which equals the barrier height. This method, 
however, is dependent on the statistical model being able to accurately reproduce KERDs 
from a range of statistical processes, which at present, it cannot do. However, the 
shortcomings of this model have been identified and the methods to improve it have been 
outlined for future consideration.
6.4 Conclusion
The KERDs resulting from the CID of Ca2+(H2O)6 , CuOH+(H2O)3,
CuOH+(H2O)2, and H+Gly were measured using a GIBMS modified to perform retarding 
potential measurements. These measurements were modeled using a reformulation of the 
statistical model created by Armentrout et al. This model used the density of states at the 
transition state as well as the energy deposition function and an assumption that all 
products were forward scattered to attempt to reproduce the experimental data. This 
model was tested across a range of lifetimes, centrifugal effects, and charge states. These 
tests all saw reasonable agreement between the model and the experimental data at low 
product kinetic energies (high retarding potential), however, were less accurate at higher 
product kinetic energies. This deviation at higher energies underlines the need to include
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angular momentum and lifetime effects of the energized molecule and products.
Examples of dissociation over loose and tight transition states were given for the loss of 
CO + H2O and CO, respectively, from the H+Gly system. The larger KERD for the loss 
of CO, which occurs over a tight transition state, confirms the nonstatistical release of 
energy into translation that is typical for a barrier to the reverse reaction. This study lays 
the foundation for the analysis of KERDs using a GIBMS. We predict the ability to use 
this method as a way of measuring the barrier height resulting from dissociation over 
tight transition states. The ability to do so would allow for the measurement of true bond 
dissociation energies from the bond enthalpies typically measured in TCID experiments 




Figure 6.1. PES and resulting KERD for a) loose transition states and b) tight transition 
states as a function of the reaction coordinate. Black bars depict the amount of energy 
required to go from reactant to products. Dashed line represents the KERD in the 
absence of exit channel interactions.
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Figure 6.2. KERDs for Ca2+(H2O)5 and Ca2+(H2O)4 at a 1st octopole voltage of 1.68 V 
(1.58 eV) with a) integral intensity, c) integral intensity and the energy scale of data has 
been inverted to reflect the product kinetic energy, and d) differentiated intensity and the 
energy scale of data has been inverted to reflect the product kinetic energy. B shows the 
CID cross sections for Ca2+(H2O)6 colliding with Xe to form products from a study by 
Carl et al.41 The black vertical lines represent 1.58 eV.
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Figure 6.3. KERDs for Ca2+(H2O)6 dissociating to form Ca2+(H2O)5 at a 1st octopole 
voltage of 0.9 V (1.05 eV). Blue line represents the KERD model convoluted of kinetic 
and internal energy distributions of the reactant ion and neutral with a) E0 and N 
parameters from Carl et al.41 and b) N = 5. The black vertical lines represent 1.05 eV.
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Figure 6.4. KERDs for Ca5w 1st octopole voltages of a) 0.9, b) 1.1, c) 1.3 and d) 1.8 V 
given by the black line. The blue line represents the KERD model convoluted over the 
kinetic and internal energies of the reactant ion and neutral. The black vertical lines 
represent the 1st octopole energy.
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Figure 6.5. KERDs for a) CuOH+(H2O) dissociation to form CuOH+ at a 1st octopole 
voltage of 4.0 V (2.3 eV) and b) CuOH+(H2O)3 dissociating to form CuOH+(H2O)2 at a 1st 
octopole voltage of 2.5 V (1.3 eV). The blue line represents the KERD model convoluted 
over the kinetic and internal energies of the reactant ion and neutral.
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Figure 6.6. KERDs of H+Gly dissociating to lose CO over a tight transition state (blue, 
bottom) and to lose an additional H2O over a loose transition state (red, top).
6.4 References
1Bleakney, W., Phys. Rev. 35, 1180 (1930)
2Beynon, J. H.; Cooks, R. G.; Amy, J. W.; Baitinger, W. E.; Ridley, T. Y., Anal. Chem. 
45, 1023A (1973)
3Mintz, D. M.; Baer, T., J. Chem. Phys 65, 2407 (1976)
4Bahati, E. M.; Jureta, J. J.; Belic, D. S.; Cherkani-Hassani, H.; Abdellahi, M. O.; 
Defrance, P., J. Phys. B: At., Mol. Opt. Phys. 34, 2963 (2001)
5Lifshitz, C., J. Phys. Chem. 87, 2304 (1983)
6Klots, C. E., J. Chem. Phys. 58, 5364 (1973)
7Farrar, J. M.; Lee, Y. T., J. Chem. Phys. 65, 1414 (1976)
8Stace, A. J.; Shulka, A. K., Int. J. Mass Spectrom. Ion Physics 37, 35 (1981)
9Herman, Z.; Birkinshaw, K.; Pacak, V., Int. J. Mass Spectrom. Ion Processes 135, 47 
(1994)
10Hanratty, M. A.; Beauchamp, J. L.; Illies, A. J.; Van Koppen, P.; Bowers, M. T., J. Am. 
Chem. Soc. 110, 1 (1988)
11Cho, S. I.; Choe, J. C.; Kim, M. S., Rapid Commun. Mass Spectrom. 7, 594 (1993)
12Klots, C. E.; Mintz, D.; Baer, T., J. Chem. Phys. 66, 5100 (1977)
13Chesnavich, W. J.; Bowers, M. T., J. Am. Chem. Soc. 98, 8301 (1976)
14Yamashita, M.; Fenn, J. B., J. Phys. Chem. 88, 4451 (1984)
15Ervin, K. M.; Armentrout, P. B., J. Chem. Phys. 83, 166 (1985)
16Aristov, N.; Armentrout, P. B., J. Phys. Chem. 90, 5135 (1986)
17Ervin, K. M.; Armentrout, P. B., J. Chem. Phys. 86, 2659 (1987)
18Fisher, E. R.; Schultz, R. H.; Armentrout, P. B., J. Phys. Chem. 93, 7382 (1989)
19Carl, D. R.; Chatterjee, B. K.; Armentrout, P. B., J. Chem. Phys. 132, 1 (2010)
20Mookherjee, A.; Armentrout, P. B., Int. J. Mass Spectrom. 370, 16 (2014)
21Garcia, G.; Mej^a-Ospino, E.; Gurerrero, A.; Alvarez, I.; Cisneros, C., Eur. Phys. J. D 
42, 393 (2006)
124
22Light, J. C., J. Chem. Phys. 40, 3221 (1964)
23Klots, C. E., J. Phys. Chem. 75, 1526 (1971)
24Klots, C. E., J. Chem. Phys. 98, 1110 (1993)
25Klots, C. E., J. Chem. Phys. 90, 4470 (1989)
26Urbain, P.; Leyh, B.; Remacle, F.; Lorquet, A. J., J. Chem. Phys. 110, 2911 (1998)
27Gilbert, R. G.; Smith, S. C., Theory o f  Unimolecular and Recombination Reactions. 
Blackwell Scientific: London, 1990.
28Holbrook, K. A.; Pilling, M. J.; Robertson, S. H., Unimolecular Reactions. 2nd ed.; 
Wiley: New York, 1996.
29Truhlar, D. G.; Garrett, B. C.; Klippenstein, S. J., J. Phys. Chem. 100, 12771 (1996) 
30Rodgers, M. T.; Ervin, K. M.; Armentrout, P. B., J. Chem. Phys. 106, 4499 (1997) 
31Rodgers, M. T.; Armentrout, P. B., J. Chem. Phys. 109, 1787 (1998)
32Laskin, J.; Lifshitz, C., J. Mass Spectrom. 36, 459 (2001)
33Lifshitz, C.; Berger, P.; Tzidony, E., Chem. Phys. Lett. 95, 109 (1983)
34Muntean, F.; Armentrout, P. B., J. Chem. Phys. 115, 1213 (2001)
35Teloy, E.; Gerlich, D., Chem. Phys. 4, 417 (1974)
36Gerlich, D., Adv. Chem. Phys. 82, 1 (1992)
37Moision, R. M.; Armentrout, P. B., J. Am. Soc. Mass Spectrom. 18, 1124 (2007)
38Heaton, A. L.; Moision, R. M.; Armentrout, P. B., J. Phys. Chem. A 112, 3319 (2008)
39Heaton, A. L.; Armentrout, P. B., J. Phys. Chem. A 112, 10156 (2008)
40Carl, D. R.; Moision, R. M.; Armentrout, P. B., J. Am. Soc. Mass Spectrom. 20, 2312 
(2009)
41Carl, D. R.; Moision, R. M.; Armentrout, P. B., Int. J. Mass Spectrom. 265, 308 (2007) 
42Cooper, T. E.; Armentrout, P. B., Chem. Phys. Lett. 486, 1 (2010)
43Daly, N. R., Rev. Sci. Instrum. 31, 264 (1960)
44Armentrout, P. B., J. Am. Soc. Mass Spectrom. 13, 419 (2002)
125
126
45Baer, T.; Hase, W. L., Unimolecular Reaction Dynamics: Theory and Experiments. 
Oxford University Press: New York, 1996.
46Beyer, T. S.; Swinehart, D. F., Commun. ACM 16, 379 (1973)
47Stein, S. E.; Rabinovitch, B. S., J. Chem. Phys. 58, 2438 (1973)
48Stein, S. E.; Rabinovitch, B. S., Chem. Phys. Lett. 49, 183 (1977)
49Bauschlicher, C. W.; Partridge, H., J. Chem. Phys. 103, 1788 (1995)
50Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, 
J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, 
M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; 
Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; 
Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A.; Peralta, J. E.; Ogliaro, 
F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, 
R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; Millam, J. M.; Iyengar, S. 
S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; 
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; 
Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; 
Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, 
A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09, 
Revision A.02, Gaussian Inc.: Pittsburgh, PA, 2009
51Becke, A. D., Phys. Rev. A 38, 3098 (1988)
52Lee, C.; Yang, W.; Parr, R. G., Phys. Rev. B 37, 785 (1988)
53Armentrout, P. B.; Heaton, A. L.; Ye, S. J., J. Phys. Chem. A 115, 11144 (2011)
